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THE INITIATION OF FAST DECOMPOSITION IN SOLID
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Several series of high speed photography experiments have been carried
out in order to examine the relative importance of the various
mechanisms thought to be responsible for producing hot spots and
causing mitmuon of fast decomposition in explosives. Framing rates of
up to2x10% 5 ‘! ere used and photographic sequences show that (i) fast
fractures in an explosive single crystal do not cause its ignition,
(ii) intercrystalline friction is an important mechanism, (iii) rapid
compression of gas bubbles down to 50 um or less in diameter does give
rise to initiation, and (iv) the interaction of strong shocks with
spherical voids produces fast jets, which can also play a dominant role,
We have also discussed rapid plastic flow in an explosive crystal as an

effective mechanism when the plastic strains are very high.

INTRODUCTION

There are now many high-speed photo-
graphic observations which show that in most,
if not in all cases, the initiation of a fast
reaction or a detonation in an explosive occurs
at microscopic regions. Representative exam-
ples from experiments empleying stimuli, such
as low velocity impact, high strength shock
waves, unfocused light, and electric ficld will
be found in published reports.!# In the )itera-
ture, several mechanisms have been proposed
for the concentrated dissipation of energy of
the stimulus at localized regions resulting in
their becoming ‘hot spots.’ At these regions,
the temperature is considerably higher than
that of the surrounding explosive material,
consequently, the rate of chemical reaction is
much higher there. If the conditions for self
heating exist, the instability (i.e., initiation of
fast reaction) occurs at these regions.

Of the many mechanisms proposed so
far, the ones generally considered seriously by
investigators are: (i) fracture of explosive

crystals,5® (ii) plastic flow, including disloca-
tion pileups’ and adiabatic shear flow,8!!
(iil) fnct.xon,lz 13 (iv) adiabatic compression of
gas pockets,'2 and (v) shock-void intaractions,?

It may be said here that, despite a vast
amount of research effort, cur lack of under-
standing of the mechanisms of initiation is
quite apparent from the fact that we would not
be able to predict accurately the initiation
behavior of an explosive in an impact or shock
experiment even if we were given all its
physical and chemical properties. The pur-
pose of this paper is to examine in some depth
the various mechanisms in the light of
experimrntal observations,

INITIATION BY FRACTURE

Fracture studies were made on single
crystals of silver azide, lead azide, and PETN,
The test crystal was supported on a hard anvil,
and the fracture was caused by driving into the
crystal a sharp hardened steel chisel at a speed
of 10-156 ms'!. The entire fracture process was

867




8
3
g
y ]
1

n

Figure 1. Fast Fractures of Velocity up to 170 ms!

ina Single Crystal of Silver Azide ure Unable to

Cause an Initiation of Explosion. Interframe time: 2.0 us; crystal height: 2.0 mm.

photographed with a Beckman and Whitley
model 189 rotating mirror framing camera
using back lighting.

A sequence of photographs showing the
formation and growth of fast fractures in a
silver azide crystal is given in Figure 1.
Framel shows the erystal of size 2.5 x 2.0 x
0.5 mm3, 2-3 ps before it wus impacted with
the chisel the larger faces of the crystal are
{010}, Note that as yet no cracking has
started. In frame 2, a single crack is initiated
immediately below the chisel tip and propa-
gates along cleavage planes, changing its
direction of propagation twice. The crack
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specd is variable betwecn f‘ramcs, reaching a
maximum value of 170 ms'! between frames 11
and 12. An explosion did not take place and
the fragments of this crystal were recovered
after the experiment. We have shown before
that fast fractures (800 ms'!) in f-lead azide
crystals were also unable to cause the initia-
tion of an explosion.'4

Figure 2 shows a sequence of photo-
graphs of the fracture behavior of a single
crystal of PETN of height 6.9 mm, width
3.6 mm, and thickness 2 mm. About 8 ps
before frame 4, the chisel hits the crystal
resulting in the initiation of fracture in frame




Figure 2. Fast Fractures (700 ms™!) in a Single Crystal of PETN. Interframe time: 1.0 us; crystal

height: 6.9 mm.

4 at the point of impact. The crack, which
appears as a dark line, moves with a velocity of
~350 ms'! between frames 4 and 5, and it then
accelerates to a velocity of 600 700 ms'!
between frames 5 and 6. In frame 6, a second
crack appears at the impact gite (see A,

frame 6), and both reach a maximum velocity
of ~700 ms'! between frames 6 and 8. In this
crystal as well, the cracks appear to change
their direction during propagation. The two
cracks merge in frame 11, The crystal did not
explode and the undecomposed fragments of
the crystal were later recovered.

A few experiments were also conducted in
which PETN crystals were fractured by the
inpact of 0.4 mm diameter soda lime glass
spheres at a velocity of ~ 200 ms'!, The spheres
were accelerated individually using an explo-
sive gun described elsewhere. 1%

A typical sequence of the impact of a glass
sphere on a (110) plane of a PETN crystal
(size: 6 mm x 4 mm x 2 mm) is shown in Fig-
ure 3. The contact occurs in frame 2, and
within 1 ps (i.e., frame 3) a fast moving median
crack (see Reference 15 for the various crack
systems) forms, the leading edge of which is
shown with an arrow. This median crack is of
a seiicircular shape and it probably lies on a
cleavage plane containing the load axis.
Between frames 2 and 3, the crack velocity is
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at least 1380 ms'!. In frame 3, the debris (see
at d) of the cryatal is also ejected at a high
speed (~300 me'!). Note that initially the
debris is ejected at an angle of ~45°, but when
the impacting projectile has gone deeper into
the crystal, the debris comes out normal to the
crystal surface (see frame 19), There was no
initiation and fragments of the crystal were
recovered afterwards,

The high-speed photographic sequences
presented above clearly show that fracture of
even a sensitive explosive crystal cannot cause
the initiation of 4 fast reaction., One particu-
lar advantage of using silver and lead azides
for these experiments is that, if high enough
temperatures had been generated at even a
microscopic volume at the crack tip, the fast
reaction would have been initiated and gropa-
gated throughout the rest of the crystal.!

It may be emphasized that here we have
not dealt with such solids which may produce
very reactive free radicals on fracture. How-
ever, such solids deserve further investigation
regarding their influence on the initiation
hehavior of explosives,

INITIATION BY PLASTIC FLOW

The process of plastic flow in a solid is a
very efficient (95 percent efficiency) way of
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Figure 3. Impact of a 0.4 mm Diameter Qlass
Sphere on a (110) Surface of a PETN Single
Crystal at a Velocity of 200 ms™; Interframe
time: 1.0 us.

converting the mechanical energy of a stimu-
lus into heat. However, in most crystalline
solids, plastic flow occurs inhomogeneously,
which means thal under transient conditions
the temperature rise in a plastically deformed
solid is likely to be nonuniformly distributed.

In crystals, the plastic flow occurs along
crystallographic slip planes, which give rise to
slip bands (these bands are also called shear
bands). Such bands can form under both quasi-
static and dynamic conditions. In the lormer,
the temperature of the bands may not be very
different from that of the regions lying in

between the bands as most of the heat
generated in the bands will be conducted away.

Using & simple approach, one can
estimate the maximum possible value of the
temperature rise in a solid which has been
deformed dynamically. We shall assume that
the heat generated at a region does not conduct
away from it. This type of situation can arise
when the deformation is produced in a very
short time and when the thermal conductivity
of the solid is negligibly small. We shall also
assume that the total work of deformation is
liberated as heat.

Now, for a solid of uniaxial flow stress
Y(e), the amount of work, W, performed per
unit volume in producing a true uniaxial
plastic strain of ¢ is given by

W= I;Y(e)dc. )

In Equation (1), if we assume, as an
approximation, Y(e) as being independent of ¢,
we get

W=Ye. (2)

Accordingly, the temperature rise AT in the
volume will be given by

Ye
AT = — (3)
pC
where p is the density and C is the specific heat
of the solid.

As said above, in a solid the deformation
is not likely to be homogeneous, Therefore, to
predict the tomperature distribution, we need
to know the magnitude of the plasti¢ strain at
different points in the deformed zone. In
metals, the strain distribution within locally
deformed rogions has been estimated by
examining the hardness contours of sectioned
specimens.! 718 1 iy interesting that in metals
such ay steels, strains of greater than 1 are
found only under severe deformation condi-
tions, Whether strains of this magnitude or
higher can be produced in explosive crystals,
which are very brittle, 18 not known yet.
Nevertheless, in Table 1, we give the predicted
values of the maximum temperature rises
generated in three explosives, the mechanical
and thermal properties of which are available




Table 1. Calculated Temperature Rise in
Various Explosive Crystals Due to Adiabatic
Plastic Flow at Different Strains, ¢

Temperature Rise
Explosive (K)
e=1 e=24 ¢e=5§
RDX 20 47 98
B-HMX 31 76 156
a-PbNg 27 66 187

Table 2. Uniaxial Yield Stress Values and
Thermal Properties of Various Explosives

-1
Explosive | Y*/MPa | p/Mgm'3 C/ké.lfg
RDX 40 1.81 1.13
p-HMX (] 1.91 1.26
a-PbNg 50 48 0.38

* Single crystal data taken from Reference 19,

(see Table 2). Note that in these estimated
temperature rises we have taken a constant
value of the yield stress independent of the
temperature and strain rate. It is only an
approximation, but in reality the yield stress
will drop with increasing temperature. It
appears, however, that very little work has
been carried out on the variation of the yield
stress of varicus explosive single crystals with
varying temperature and strain rate,

It will be seen from Table 1 that even for
high plastic strains, the adiabatic temperature
rises are not high enough to take any of the
three explosives to their ignition points. In
order to check our method of estimating the
tomperature rise, we can compare the
theoretical and experimental results in the
case of a steel suffermg localized deformation.
Marchand and Duffy?® carried out dynamic
torsion experiments on a steel (HY-100)
having a shear yield stress of ~500 MPa, They
found that the steel showed 20 pm shear bands
in which shear strains of the order of ~10 were
produced. These investigators also measured
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the temperature of the sheared bands by using
calibrated infrared detectors, and estimated
a value of ~800°C. Taking the density and the
specific heat of the st.eel as 7.86 x 10° kg m™®
and 4.92 x 102 J kg'! K*!, we estimate a maxi-
mu possible temperature rise of ~1300°C.
This is an overestimate, as we have taken a
constant value of the shear stress. In fact,
their measurements show that the shear stress
drops dramatically tc ~0during the rapid shear
process, Thus, taking an average shear stress
of ~250 MP4a, our estimated temperature rise
wiil be ~650°C, which is much closer to the
measured value.

An important factor to consider here is
the melting point of the solid. It is unlikely
that the temperature rise caused by plastic
flow or by friction will exceed the melting point
of the solid. If the ignition temperature is
significantly higher than the melting point,
ignition by these processes cannot occur. Of
course, under impact or shock loading condi-
tions, high pressures exist and the plastic flow
occurs in the presence of these pressures. One
is tempted to think that these high prassures
will raige the melting point of the solid. If the
pressures are purely hydrostatic, then the
melting point is most likely to increase.
However, under the impact or shock loading
conditions, high shear stresses also prevail and
these may inhibit any rise of the melting point.
It is interesting to note that Mishina et al.2!
report & lowering of the melting point of
Wood's metal when it is subjected to shear
stresses.

INITIATION BY FRICTION

Friction between grains of a solid
explosive, or between grains and their
confining walls is also a very efficient way of
converting mechanical energy into heat. As in
the case of plastic flow, most of the work of
friction is liberated as heat at the friction
surfaces, If the coefficient of friction of the
rubbing surfaces is known, along with their
relevant mechanical properties, one can make
a fairly good estimate of the temperature rise
due to friction. It is interesting that if one
makes an experiment in which the dominant
mechanism by which heat can be generated is
friction, one can be in a position to predict




whether ignition will occur. Such a situation
exists when a column of a solid explosive is
impacted with a truncated conical striker. The
conical striker is dropped into the explosive
vertically and during its penetration the
truncated end of the striker picks up explosive
particles from the surface and then drags them
along into the compact. During this process,
the adhered particles rub against the sur-
rounding explosive particles. The temperature
rise of those particles due to the friction during
the penetration may be calculated using the
expression giver, by Chaudhri 22

As an example, the temperature rise is
calculated when a conical striker of semi
included angle of 16°, mass 0,145 kg, strikes a
compact of lead azotetrazole (ignition
temperature 493K) with an initial velocity of
0.5 ms', The average particle size of the
compact is ~25 pm and the inter-particle
coefficient of friction, measured using the
technique of Amuzu et al.,?® is ~0.56. The
predicted temperature rise is shown in Fig-
ure 4, Note that initially the temperature rises
quite rapidly, and then slows down as the
striker penetration increases, reaching a
steady state temperature rise of ~240°K when
the penetration is ~0.4 mm, This corresponds
to an interfacial temperature of 293 + 240 =
533 K, which, being higher than the ignition
point of lead azotetrazole, should give rise to
the ignition of the compact. Similar concluy-
sions have also been drawn by Haskins.24
Experiments showed that under these
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Figure 4. Calculated Temperature Rise Vs,
Striker Penetration
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conditions initiation of explosion of the lead
azotetrazole did occur, Our friction model
predicts that the ignition will occur at the tip of
the striker when it has penetrated the compact
sufficiently, These predictions have been
supported by our high-speed photographic
experiments. In these, a column of compacted
lead azoteirazole was confined between two
flat PMMA plates, a needle-shaped metallic
striker was then impacted onto the explosive at
a velocity of ~30 ms'! and the entire event was
photographed with a Beckman and Whitley
model 189 rotating mirror framing camera
using dark field illumination. A typical
sequence is shown in Figure 5. Note that the
ignition occurs al the tip of the striker aftor it
has penetrated the column by about 0.3 mm.

Situations similar to the one deseribed
above may also occur for high-melting point
secondary explosives when they are impacted
with sharp metal fragments and projectiles.
The point being made here is that under
suitable conditions, the frictional heating may
be more important than any heating due to the
ghock generated by the impact.

INITIATION BY BUBBLES AND
VOIDS

Gas-filled bubbles and voids play a very
important part in controtling the initiation and
propagation behavior of all explosives con-
taining them, This fact has been exploited in
commercial explosives by adding to thew
hollow glass or plastic balloons of diameter in
the range 10-200 pm.2® The sensitization
influence of the balloons (or voids) comes {rom
the fact that under a suitable mechanical
stimulus the balloons give rise to 'hot spots.’
Most investigators are in agreement over this.
However, there are major differences of
opinion regarding the mechanisms by which
the ‘hot spots’ are formed. We can divide the
mechanical stimuli into two types: (i) low
strength ones, such as thuse produced during a
low velocity impact of a few ms'! or shocks of
strength of up to ~5-7 kbar; and (ii) relatively
high strength shocks (pressures: 15-20 kbar
and greater), such as those produced by a
blasting cap or by the impact of a high velocity
projectile. The interaction of low strength
ghocks with gas-filled balloons quite clearly




Figure 5. A Sequence Showing the Location of Initiation When a Conical Striker Penetrates a
Columa of Compacted Charge of Lead Azotetrazole at a Velocity of 30 ms™!. The penetration begins
in frame 1 and the initiation (dark zone) occurs in frame 8. Interframe time: 2.0 us.

results in the rapid (near adiabatic) collapse of
the bubbles, thus giving rise to high
temperatures within the contained gas. From
their photographic observations of the
collapsing bubbles, Bowden and Chaudhri28
ostimate temperatures of up to 1500 K when a
1 mm diameter air bubble in water is collapsed
by a shock of only 1 kbar. This temperature
rise is high enough to induce the initiation of
~ fust reaction of un AgNy crystal on which it
collapses. Much smaller size bubbles of
diameter 50-70 pm also cause the initiation of
reaction?” as can be seen in the sequence
shown in Figure 6(a). Note from the figure
that the ignition in the explosive crystal oceurs
exactly at the point of contact of the collapsed
bubble on the crystal surface. Wheon the
collapse of the bubble occurred only u few pm
away from the crystal surface, no initiation
took place. When the gas within the bubbles is
butane, which has a very low value of y, the
ratio of the specific heats, no reaction takes
place due to the collapse process [see Figure
6(b)]. It may be noled that the effect of the y of
the gas is seen only for small (i.e., <300 ym
diameter) bubbles. These two sequences give
very strong support to the theory of the
adiabatic heating of the contained gas. Our
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Figure 6. A Sequence Showing the Importance
of the y of the Gas Contained within Collapsing
Bubbles. (a) Argon; interframe time: 0.6 us.
(b) Butane; interframe time: 1.0 us.




calculations have also shown that sufficient
heat is transferred from gas to the crystai
surface within a microsecond.

The collapse of bubbles by relatively
weak shocks also produces jets, but their
velocities are not high enough to give rise to
any significant heating on impact. On the
other hand, when the collapse of a void is
produced by strong shocks, very fast jets are
produced which can play an important role in
the initiation process. We have examined the
collapse process in water of a 9.5 mm diameter,
hollow aluminum sphere having a wall thick-
ness of 250 um and by using the experimental
arrangement which has been described else-
where.2® The entire event was photographed
with a multnple Kerr Cell camera. A typical
sequence is shown in Figure 7. In {rame 'O’ we
can see the PETN charge placed to the right of
the aluminum sphere. ln frame 1, the water
shock (velocity 2900 ms!) has gone over the
sphere by about 7 mm and we can see the
reflected wave moving towards the expanding
detonation products. In the next frame, the
initial shock has completely gone over the
sphere and another shock, Sy, appears at the
back of the sphere. During the 5 us after the
initial shock hit the back wall of the sphere
(i.e., the wall nearest the charge), it has moved
in the direction of the shock at a velocity of
1000ms!. In frame 3, part of the back wall
has hit the front one and another shock, Sg,
appears around the coilapsed hollow sphere,
which appears to be generated by the impact of
the jet. The jet penetrates the sphere and the
latter takes the shape of a dumbbell. The
velocity of the secondary shock, as measured
from frames 3 and 4, is 2.4 kms'! (correspond-
ing to a pressure of 10 kbar), but near the
point of the jet impact the strength of the shock
may be much higher. A rough estimate of the
jet velocity is ~3.5 kms™!. Itappears quite likely
that under suitable condmons, the shock
produced by the jet impact may even lead the
primary shock. Note that Mader's 28 theory
predicts regions of high pressures and high
temperatures due to shock focusing at a
distance of about one diameter of the originul
sphere and in the direction of the original
shock. We have not found any evidence in
support of these or any other predictions of the
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Figure 7. A Sequence Showing the Collapse of
a Hollow Aluminum Sphere (Diameter =
9.5 mm, Wall Thickness: 0.26 mm) by 2 Shock
From a 20 g PETN Charge. Frames 3 and 4
show the fast jetting. The times at which the
various frames are taken: 1-0 us; 2-3 us;
4-5 us; 4-10 us; exposure time for each frame:
0.1 us (Reference 25).

theory in our bubble-shock wave interaction
studies,

As regards the sensitization of an explo-
sive containing voids, when the former is
subjected to a relatively strong shock, we
believe that the highest temperature hot spots
are formed at the point of impact of the jet on
the front wall of the void. This is because the
temperature of the materig! of the jet will be
higher than that of the initial uncompressed
material, as there is always a residual temp-
erature rise after shock compression. Some
evidence in slspport of this can be found in a
recent paper.




CONCLUSIONS 4,

It has been shown experimentally that

fast fractures travelling at several hundred
ms’! in sensitive explosive crystals are unable
to cause their explosion. We have interpreted 5
this as being evidence of the lack of high
enough temperatures at crack tips. We have
also argued that plastic flow, whether local-
ized or not, can only be effective in producing
initiation in an explosive crystal if the strains
are very high. Whether such high strains in

explosive crystals, which are very weak and 6.

brittle, can be formed has yet to be seen,
Frictional processes have been shown to be
relevant for causing initiation in explosive

materials, the melting point of which are at
least as high as their ignition temperatures,

Strong experimental eyidence has been pro-
vided in support of the adiabatic heating of
the gas contained within a collapsing bubble,
In the case of the interuction of strong shocks

with spherical gas bubbles and voids, fast jets 8.

have been shown to form. We have proposed
that these jets are the most important factor in
the high pressure regime.
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DISCUSSION

W. B. SUDWEEKS, Ireco Inc.
West Jordan, Utah

How would you expect your results to
change if you studied glass or plastic
microballoons instead of gas bubbles?

REPLY BY M. M. CHAUDHRI

In the case of my experiments in which |
collapsed small gas bubbles on individual
single crystals of silver azide, the initial water
shock was just about 1-2 kbar in strength, |
have not yet studied the interaction of such a




weak shock with a glass or plastic micro-
balloon, though we have done so for mm size
glass balloons (see Reference 26). 1 believe
that the static fracture strength of a glass
microballoon is higher than 1 kbar (of course,
this strength depends upon the wall thickness
and the type of glass). I, therefore, wonder if
the weak water shock will collapse the glass
microballoon. If it does not, the gas irside it (I
believe the pressure inside a glass micro-
balloon is less than 1 bar at room temper-
ature) will not be heated and I would not
expect an initiation of reaction in the silver
azide crystal. If the sirength of the water
shock is high enough to collapse the glass
microballoon, the initiation of fast reaction in
the crystal is only possible if the heated gas
makes thermal contact with the crystal
surface. In the case of a plastic microballoon
resting on a silver azide crystal, the weak
water shock will collapse the microballoon,
but, perhaps without breaking it. Assuming
that it is so, the gas within the bubble may
only heat the walls of the balloon without
raising the temperature of the crystal surface
to a significant value. In the case of a plastic
microballoons-sensitized emulsion explosive, I
would think that the breakage of the micro-
balloon by the initial shock, say, from a cap, is
necessary for efficient sensitization,

DISCUSSION

M. M. SAMIRANT

French German Research Institute
(ISL)

St. Louis, France

In your experiments you see a large
influence of the y of the gus contained within
collapsing bubbles. Do you mean that hot spots
energy comes from adiabatic compression?

REPLY BY M.M. CHAUDHRI

Yes, | do think that the thermal energy in
the hot spots in my experiments comes from
the rapid compression of the gas contained
within the bubbles. By knowing the volume
change (from high-specd pholographs), we
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have worked out the total heat generated
within a collapsed bubble. In Reference 27, we
have shown that a sufficient amount of heat is
transferred to the crystal surface to give rige to
an initiation of fast reaction in a time of the
order of 1 microsecond or less,

DISCUSSION

P. KATSABANIS
Quecn’s University

We have observed sensitization of
explosives when mixed with higher density
solids (example: emulsions with sand). What
is the mechanism if shock interactions are nat
important?

Similarly, sensitization is observed in low
density explosive systems with microballoons.
Jetting is quite difficult with the very low
pressures involved. Are shock interactions not
important?

REPLY BY M.M. CHAUDHRI

In the case of low strength (1-2 kbar)
initial shocks, a direct comparison of the
sensitization efficiency of a bubble and 4 high
density solid particle can be found in Figure 7
of Reference 27. You will see that the initia-
tion occurs at the bubble and not at the solid
particle. In some cases, such as the one you
mentioned and that reported by Engleke
(Physics of Fluids, Vol, 22, 1979, pp. 1628-
1630), the hot spots are likely to form by
frictional heating at the interface of the
colliding sand and silica particles,

In the case of your low-density explosive
systems containing glass microballoons, I
would expect the sensitization to be observed
only if the microballoons collapse, thus,
producing jetting and causing heating of the
contained gas. If the initial shock is unable to
collapse the balloons, I would not expect any
sengitization.

1 do believe that shock interactions,
which give rise io hot spots away from the
discontinuity, are uvnly important under very
extreme conditions.




CHARACTERIZATION OF DEFECT MICROSTRUCTURE IN HIGH
EXPLOSIVES SINGLE CRYSTALS BY SYNCHROTRON X-RAY
TOMOGRAPHY

W.C. Tao and J. H. Kinney
Lawrence Livermore National Laboratory
Livermore, California 94550

This paper was presented at the Ninth authors have submitted it for publication (late
Symposium (International) on Detonation, 1990) in the Journal of Chemical Physics.
However, it is not published here because the
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CAVITY COLLAPSE IN A HETEROGENEOUS COMMERCIAL EXPLOSIVE

N. K, Bourne and J. E. Field
Cavendish Laboratory
University of Cambridge, Madingley Road
Cambridge, CB3 OHE UNITED KINGDOM

The collapse of large (1-12 mm) cavities formed within inert gelatine
slabs and sheets of an emulsion explosive has been studied using high-
speed framing photography and employing a schlieren technique. The
cavities were punched, and in some cases solid particles were cast, into
sheets that were then sandwiched between transparent blocks. This
allowed processes occurring within and around the cavity to be
recorded. Shocks were introduced by impact from a metal flier-plate or
directly from an explosive plane wave generator. The asymmetric
collapse of circular cavities was observed; a high-speed liquid jet
croased the cavity and impacted on the downstream wall. Perturbations
to the direction of jet travel and to the convection of the collapse site in
the flow were caused by adjacent solid particles. Regions of high
temperature within the collapsing cavily appeared as areas of gas
luminescence. The development of reaction sites around collapsing

bubbles in an emulsion explosive was photographed,

INTRODUCTION

The voidage present in many classes of
explosive has long been recognized as a
sensitizing agent to ignition by shock or
compression waves. This has prompted the
addition of artificial cavities to insensitive
energetic materials, particularly ammonium
nitrate (AN), in commercial applications. The
role of bubble collapse in initiation was first
systematlcally investigated by Bowden and
Yoffe.! They considered collapses occurring
over times of the order 100 ps to 1 ms and
ascribed the thermal initiation of the reactive
material surrounding the bubblu to adiabatic
heating of trapped gas within the cavity during
collapse. Johansson? calculated the increase in
temperature around a gas cavity due to heat-
ing by conduction from the compressed gas,
and showed it to be insufficient to cause igni-
tion in the surronunding explosive. He hypothe-
sized that the reaction of droplets spalled into
the hot gas from the cavity wall during col-
lapse would be sufficient to raise temperature
to the point where ignition of the eurrounding
explosive might occur. Chaudhri and Field

869

and Starkenberg* found that in situations
where large cavities collapsed relatively slowly
gas phase huating was the dominant ignition
mechanism,

Meanwhile the features of bubble collapse
in water were being considered by workers in
connection with the cavitation erosion of pro-
pellers and hydraulic machinery, Kornfeld
and Suvorov® had suggested as early as 1944
that a bubble might collapse asymmetrically
forming a high-speed liquid jet. Benjamin and
Ellig® obtained photographic evidence of sucha
collapse, and Plesset and Chapman” produced
a numerical simulation of a bubble collapsing
in the asymmetric pressure field due to the
presence of a solid boundary; a liquid microjet
formed which was directed towards the solid
surface. In the work presented here, such a
steady but asymmetric pressure field is
replaced by the transient pressure dis-
continuity of a shock wave.

A description of such asymmetric
collapses in terms of the conservation of fluid
momentum (the Kelvin impulse) has been




advanced by several authors.®® It can be
shown that the cavity surface must deferm to
become multiply connected so that a vortex
system results that conserves the original
Kelvin impulse. Vortex generation has been
observed in the interaction of acoustic shocks
in air with various Fas -filled spherical and
cylmdrical cavities®'® and with solid cylin-
ders.!! The presence of vorticity in the flows
studied in this work considerably enhances
mass and thermal diffusivity.

The gas shock induced by the passage of
the incident liquid shock over the cavity and
subsequently trapped within the cavity during
its collapse, determines an inhomogeneous
temperature field within the gas. The gas
temperature along the shock front during lt.s
firgt pass across a cavity has been modelled!2
and shows variations. However, the higher
ignition temperatures are not realized until
much later during the final stages of collapse.
Our work suggests that the positions of high
transient temperature within the cavity occur
nt temporally distinct times, and influence the
initial shape of the reaction site.

Many studies in the past have
highlighted the role of mechanisms other than
gas compression in concentrating shock energy
at points at which rapid reaction might
commence. Amongst these mechanisms must
be mentioned viscous heating in the matrix
material and the heating produced by
compression of material downsiream of the
cavity on impact of the liquid jet, Mader and
Kershner!® have reported the initiation of
sensitive and insensitive HEs in a
hydrodynamic model. Chaudhri et al.'4
reported the initiation of fresh emulsion
explosive by the jet impact from a glass sphere
collapsed by a 2 GPa shock in water. Frey!®
has noted that viscoplastic work is the most
efficient mechanism for production of high
temperature and that only for small cavities (of
size <1lpm) will heat conduction away from
the hot spot be significant. In our work, where
the cavity size is large, gas compression,
viscosity, and jet impact will be the major
factors in hot spot formation.

EXPERIMENTAL

Our experiments have been carried out
using a two-dimensional geometry originally
suggested by Brunton and Camus'8 for
studying drop impact and cavity collapse in
water, The technique was further developed
by Dear and Field!®20 who used gelatine
layers; this is the approach used here. The
advantage of using such a method is that
details of processes occurring within the cavity
may be followed without the refraction
problems associated with viewing through a
three-dimensional curved wall,

A 12 percent by weight mix of gelatine in
water at 330K (to give a gel density, pga =
970 £ 50 kg m-3) was cast into a sheet of
thickness 3 mm. Chosen cavity distributions
were then created in the sheet by application of
a suitable punch, Solid particles were cast into
the sheet as required. The prepared sample
was then sandwiched between glass or poly-
methylmethacrylate (PMMA) blocks, and
PMMA spacers were butted against the
remaining free gelatine surfaces to prevent
rarefactions relieving shock pressure from the
sides. Alternatively, the sample was sand-
wiched between two further sheets of gelatine
and the entire block was placed in a water-
filled aquarium. Sample sheets of emulsion
explosive of the same thickness were similarly
prepared with chosen cavity distributions and
placed between PMMA blocks as above.

Plane shock waves were introduced into
the sheets by firing au rectangular, phosphor-
bronze flier-plate (of weight 5.5 g) so that it
impacted the surface of the gelatine or by using
an explosive plane wave generator with shock
pressure controlled by a PMMA gap. Blocks or
aquaria could be bonded directly onto the sur-
face of the attenuator (Figure 1). The gelatine
underwent a phase change under the shock
overpressures introduced and lost all of its
viscoelastic properties. A disadvantage of

using a large aquarium to contain the gelatine
sandwich was that viewing the event through
the slightly curved shock front masked some of
the details of events occurring within the
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attenuator
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Figure 1. Plane Wave Generator with
Aquarium. Alternatively PMMA blocks con-
taining a sheet of emulsion explosive were
cemented onto the PMMA gap.

cavity, although effects due to an impedance
mismatch at the gel/block interface were
eliminated.

The interaction of the incident shock with
the cavities and solids was photographed using
a high-speed camera, the lmacon 790, at rates
ranging from 2x10% to 5x108 framea per
second. When gelatine was used as a matrix,
shocks were visualized using a schlieren
method. The arrangement was of the two
mirror Z configuration (Figure 2).

The flash source employed was a Xenon
Mullard FAS5 tube. When emulsions were
photographed, no external lighting was used
and only emitted light was recorded.

The flash source employed was a Xenon
Mullard FA5 tube. When emulsions were
photographed, no external lighting was used
and only emitted light was recorded.
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Figure 2, Two Mirror Z Configuration Con-
structed Around the Two-Dimensional Experi-
ment. The mirrors are of focal length 1.2m and
are0.1m in diameter.

RESULTS

~ Single Cavity Collapse and the Formation

of High-speed Jets

The collapse and initial stage of rebound
of a 12 mm cavity in gelatine and containing
air is shown in Figure 3. The incident shock
introduced by the slider impact was of over-
pressure 0.26 GPa and it is just visible in frame
1 marked S. The initial shock is gone by frame
2 and an air shock, A, runs within the cavity at
close to its acoustic velocity, flattening as it
approaches reflection in frame 4. The shock is
just apparent in frames 5 and 6 (at the base of
the arrows) where it appears as a dark lineas a
result of a phase change on reflection, and can
be followed throughout the remaining frames
bouncing within the closing cavity and thus
strengthening.

- -
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Figure 3. A 12 mm Cavity Containing Air Collapses in Gelatine. The sequence is a composite
constructed from several experiments. Instability starts in frames 3 and 4. A jet appears in frame 6
and impacts in frame 11, Interframe time 10 us.




The onset of jett.ng starts as an instabil-
ity of sinusoidal form in irames 2 and 3, and a
well-formed jet appears in frame 6, impacting
in frame 11, The jet tip travels at a constant
velocity of 130 m s-1 throughout its fligh’. Two
lobes of gus, L, are isolated in frame 12. Jet
penetration produces a vortex pair, V, after
collapse.

The violence of the collapse when the
bubble is subjected to higher incident shock
pressures from a plane-wave generator is
apparent in the reduced collapse times and
increased jet velocities. If the jet hits the
downstream wall with velocity v, then a
transient pressure, Pimpuct, of magnitude

pev
plmpuot =Ty W
will be created in a liquid of density p for a
time v given by
v s @)
¢
where r is the radius of the jet tip and ¢ is the
liquid shock velocity., The radius of the jets is
of the order of 0.1 mm giving t = 100 ns.
Table 1 shows the recorded jet velocities and
times Lo collapse, t (defined here to be the time
frora which the shock passes the rear wall to
the moment of impact of the jet tip), for several
cavily diameters and shock pressures. Veloc-
ities are measured directly from photographic
sequences, while impact pressures are calcu-
lated from Equation (1).

In other work!4!% it was found that
bubbles placed side by side and close together
collapsed such that their jets diverged from one
another, In the case of three bubbles placed in
a line parallel to the shock front it was found
that the central of the three jetted in a direc-
tion perpendicular to this front, whereas the
jets of the outer two diverged away from the
central cavity. If separations were very small,
multiplejets were observed. When cavities were
placed in a column, the rebound shock from the
first collapse triggered collapse in the next cav-
ity downstream. Similarly, the incident shock
interacting with a square array was shielded
from all but the first row of the array and sub-
sequent cavity collapse was by the rebound
shocks from this row.

Table. !, Variation of ¢t, v, and P for 3, 6, and
12 mm Cavities. The designations A, B, and C
refer to th yecometries of Figure 4. The shock
pressures are those recorded exiting the PMMA
attenuator except for t where the pressure in the
gelatine is knowi..

Shock Cavity | Collapse | Pgppe Jot
Proggure, | Diameter | Time,t Velocity,
P(GPa) (mm) (Hs) (GPa) (mat)
0.26} 3A 151 0.14 1905
026t 38 1011 0.28 30015
0.26} ac 20%1 0.11 150168
1 3 241 1.1 1000-3000
3 3 1.0202| 23 |30001600
026} ] 4021 0.11 15018
1 6 41 1.1 | 15001400
3 6 18£02] 38 |50001300
5 6 2+1 | 23.45 | 3000-6000
0.261 12 961 0.1 1305
1 12 741 183 | 17001250

The Collapse of Cavities in the Presence of
Solid Particles

Cavity/solid interaction is only important
when an inhomogeneity is placed sufficiently
close that an acoustic perturbation travels
from its source to the collapse site before the
collapse is complete. Cavity and particle den-
sity are thus major variables determining the
effects due to adjaceni. inhomogeneities. This
limits useful work to the investigation of the
interactions of inhomogeneities up to five
cavity diameters apart.

In these experiments the particles were
3 mm diameter lead or nylon discs cast into
the gelatine sheet. Five geometries have heen
studied and are illustrated schematically in
Figure 4(a). The cavity collapse times and jet
velocities measured for the geometries A, B,
and C have appeared already in Table 1 with
the same labeling. The interacting com-
pressive shocks, C, and tensile shocks, T, due to
reflection of the incident shock at solid parti-
cles and cavity boundaries are marked in on
the schematics, and can be followed in Lthe
collapse sequences. Note also areas of lower
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Figure4.(a) Schematic of Configurations Used (b) Collapse of 3 mm Cavities in Presence of Solid
Particles. Note jet deviation as separation is varied. (¢) Sequences Showing Collapse Geometries B
and C. Note incident shock, S; tensile shock, T'; rebound shock, R; and surface waves, Py and Py,

pressure, P, that appear at the downstream
stagnation polnt.s of the eylinders in the flow,

In Figure 4(b) frames from sequences
taken from the collapse of cavities adjacent to
load and nylon discs (geometry A) are shown.
The initial cavity wall motion is perpendicular
to the incident shock and can only deviate from
this direction after arrival of the compressive
reflection from the particle. Jet deviation
away from both lead and nylon particles is
observed if the cavity/particle soparation is
greater than a cavity diameler, d, for lead
particles, and greater than 1.5d for nylon
particles [Figure 4(b) iiil. Interestingly, when
cavity and particle are within a diameter of
one another the jet moves towards the particle
[Figure 4(b) i]. Similar effects are observed
when a particle is placed up or downstream of
cavities as in geometries Dor E,

When cavity and particle are placed on an
axis perpendicular to the shock front, no jet
deviation is observed, However, this configura-
tion alters the collapse times according to the
geometry, Iigure 4(c) C shows the interaction
of the incident shock with a cavity placed
directly in front of a particle, The cavity
collapse time of 10 ps is marginally faster than
would be expected for a single cavily alone.
The release wave from the cavity, T, and the

rebound shock, R, are apparent. Later frames
show the convection of the collapse site
downstream at 10 m 8-! where it parts to flow
around the particle, which is held stationary
by its inertia,

In the alternative geometry in which the
cavity is placed in the diffraction zone of the
particle, the violence of the collapse is mark-
edly reduced to t=20 us. The incident shock,
S, is clearly seen in frame 1 of 4(c) B. As the
stagnation area, P, begins to form behind the
particle (frame 2) a wave, Py, centered on the
rear of the cylinder is seen to begin propa-
gating at 4 velocity of some 1400 m g1, It is
believed to be a surface wave propagating at
the glass/fluid interface, As the area is shed in
frame 4 a further surface wave Pq is emitted.
Finally, the area shed from behind the cavity,
and the collapse site are convected downstream
with the flow (frame 5)

Areas of High Temperature in Gas
Contained Within Collapsing Cavities

Measurements of the temperatures
reached by gas under cotapression within col-
lapsing cavitws have yielded values between
600 and 1600K.!23 Dear ot al.20 used an image

intensifier to observe the collapse of a 3 mm
cavity in gelatine by a 0.26 GPa shock and




observed two lobed-shaped regions on the back
cavity wall in which luminescence occurred. In
other work reported in Reference 20, 10 mg of
silver nitrotetrazole was embedded in the mate-
rial downstream of the cavity. An incident
shock of strength 0.26 GPa passed upwards
and a jet started to form. Ignition occurred at a
site to the left of the point of jet impact, adja-
cent to one of the lobes isolated in collapse. Ina
further experiment, the gas confinement was
removed by placing the primary ahead of a
semicircular cavity in air, The jet impinge-
ment alone was ingufficient to cause ignition,

In Figure 5(a) a sequence is shown of a
6 mm cavity collapsing in gelatine with an
incident shock pressure leaving the PMMA
attenuator of a PWQ of 3 GPa, The experiment
was carried out in an aquarium, Collapse has
begun by frame 2 and proceeds to jet impact
between frames 2 and 3. The rebound shock R
is visible in frame 4 between the shock and the
reaction products, Although the finite curva-
ture of the shock front obscures the cavity, two
flashes of luminescence, L, ara observed in
frame 3. These correspond in position to the
luminescence observed in Reference 20, Fig-
ure §(b) shows the luminescence of the above
coliapse at the same incident shock pressure
observed at a higher framing rate. Frame 1
shows the appearance of a flash J, which has
disappeared by frame 2 where only a faint spot
is seen. In frame 3, however, the two lobes L,
are observed as in the sequence of Figure §(a).
Note that the initial flash appears in an axial
position, while those later appear to the right
and left of this area. The duration of the high
temperatures giving rise to this luminescence
is less than 1 ps,

The Initlation of Sites Within an Unsensi-
tized Emulsion Explosive

In this section we present results showing
the collapse of 1, 2, and 5§ mm cavities punched
into a 3 mm sheet of an emulsion explosive
(ammonium nitrate, oil, and water), The sheet
was held between PMMA blocks of thickness
25 mm and an incident shock (leaving the
PMMA gap) of 8 GPa was intrcduced. The
emulgion was not sensitized with micro-
balloons.
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Interframe time TS

Figure5. (a) Collapse of a Single 3 mm Cavily
in an Aquarium, The shock pressure leaving
the PWQ is 3 GPa. Luminescence, L, is seen in
frame 3. The rebound shock is visible in frame
4. (b) At higher framing rate a single flash, J,
is observed followed by lobes, L.

Figure 6(a) shows the collapse of a
hexagonal array of 1 mm cavities and 6(b), a
rectangular array of 2 mm cavities. The light
emitted corresponds well with the position of
cavities in the emulgion. Linear areas of flame
at the right and left hand edges of the frames
correspond to the reaction of emulsion frag-
ments smeared onto the PMMA spacers at
either side and sensitized by trapped air. The
areas of emitted light have been transferred to
a time-integrated frame to the right of each
sequence. The hexagonal array is much better
defined than the rectangular array, even
though the cavities are larger in the latter.

Figure 7 shows the collapse of a rec-
tangular array of 5§ mm cavities in the same
emulsion, The incident shock starts collapse of
thie first cavity row in frame 1 and jet impact
occurs between frames 1 and 2. The material




Figure 6. A Hexagonal Array of 1 mm Cavities (a), and a Square Array of 2 mm Cavities, (b)
Collapse in an Emulsion. The interframes time is 2 us. The areas of burning are transferred to

frames on the right.

Figure 7. A Square Array of 5 mm Cavities
Collapses in Emulsion. The shock pressure
leaving the PMMA is 8 GPa. Note the sequential
collapse of each row and reaction occurring in
the material ahead of the rear cavity wall.

downstream of the first row ignites in frame 2
and these sites persist for 3-4 ps, convecting in
the flow behind the shock up to frame 6. The
second row collapses in frame 5 where ignition
at a point at the jet tip of the central cavity is
observed. The shape of the reaction sites
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corresponds with that of the collapse sites seen
earlier, When a corresponding close-packed
hexagonal array is created, sites form between
adjacent cavities in the downstream row and
the reaction site is of shorter duration,

DISCUSSION AND CONCLUSIONS

Analysis of the collapse of a circular
cavity under shock has been attemgted
analytically in two dimensions by Lesser.!® He
allows each particle of the free rear surface of
the cavity to move with a resolved part of the
veloeity of the incident shock. The model
qualitatively predicts the form assumed by the
back wall, but underestirnates the measured
Jjet velocities.

It seems that the collapse shouid more
correctly be regarded as a process comprising
three different regimes. In the first, the free
cavity surface is accelerated into the gas
within the cavity. The surface might be
expectud to form a shock induced Rayleigh-
Taylor?! instability sometlmes called the
Richtmeyer-Meshkov instability.!® Such an
instability is seen to arise in the early stages of’
Figure 3, developing as the amplitude of the
disturbance becomes lurge into the constant
velocity jet characteristic of the second regime
of collapse. The final regime begins with the
jot impact upon the downstream wall, and
includes the formation of two vortices ahead of
the collapse site as the jet penetrates. The
compression ol the gas trapped in the remnants
of the cavity completes the collapse.




The transition from the linear acoustic
regimes of the flier-plate impact experiments
to strong-shock collapses by explosively-driven
shocks does not qualitatively appear to intro-
duce any new features due to non-linear
effects. However, the jet impact pressures are
of significant magnitude and generate a
rebound shock capable of inducing further
collapse in adjacent cavity layers.

The interactions of cavities with other
cavities and particles within a fluid is a
complex, time-varying function of pressure and
particle velocity around the collapse site. The
important features of the collapse are the
direction of jet travel within the cavity, the
compressive and tensile refiections from
inhomogeneities in the fluid, and the pro-
duction of areas of high vorticity and mixing
within the flow.

The direction of jetting may be explained
in terma of the pressures acting around the back
boundary of the cavity during collapse. The
compressive reflections of the incident shock
by solid particles act to divert the direction of
jetting in adjacent cavities away from the par-
ticle. This is sufficient to explain the observed
results for situations in which bubble and parti-
cle are separated by more than a bubble diam-
eter. At closer separations the jet directs itself
toward the particle, an example of the Bjerknes
effect which will decrease in strength with
distance away from the particle. In the case
where an inclusion is axially downstream from
the cavity, the collapse Lime may be reduced by
the acceleration of the downstream cavity wall
towards the inverting upstream wall.

The areas of lower pressure that develop
behind the particle are believed to be stagna-
tion points similar to those produced in steady
flow around cylinders. Associated vortices are
then shed downstream. A vortex pair is also
present in the collapse site after the jet has
penetrated the downstream wall. The flow thus
contains significant regions of mixing which
are distributed through the flow by convection
of sites around solid particles [sec Figure 4(c)).
Leiper ot al.22 attributed the rate increase in
an air-sensitized commercial explosive (AN,
water, oil) with increased voidage to the higher
mass and thermal diffusivity resulting from
the chaotic motion arising from complex shock
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interactions with the voidage. Such cavity
interactions may be seen here explicitly giving
rise to the chaotic motion inferred by Leiper et
al. These sites of high vorticity are also those
associated with the initiation of burning in an
unsensitized emulsion of the type used in
Reference 22.

Dear et al.20 estimated a temperature
within their luminescing cavity in excess of
760 K by assuming adiabatic compression of
the gas within the cavity, consistent with
luminescence arising from free-radical crea-
tion and radiative recombination. The experi-
ments with the primary explosive indicate the
importance of gas confinement when dealing
with regimes in which cavity size is large and
shoek pressures are relatively low.

Lesser and Finnstrom!2 explained the
results of Reference 20 in terms of temperature
gradients existing along the front of the
induced gas shock running inside the cavity.
However, their model put the high tem-
perature areas, giving rise to luminescence, in
the first pass of the gas shock across the cavity,
in contradiction to the sequence of Figure 5
which shows luminescence occurring in the
final stages of collapse. It seams that the
creation of these transient high temperatures
is a multi-stage process. The strengthening
gus shock bouncing within the cavity (see
Figure 3) will give rise to an inhomogeneous
and rapidly varying temperature field. This
culminates in a flash of light associated with
the jet impacting, followed some 0.4 ps later by
further luminescence associated with gas
compression in the two lobes of gas isolated by
the jet impact. This implies that there are two
temporally distinet positions on the down-
stream cavity wall at which thermal initiation
might occur. 'The first, near the jet tip is
associated on impact some nanoseconds later
with high transient pressures, The second, to
the left und right of this area, experiences high
temperatures for a more extended time.

The ubove observations of collapse in an
inert medium may be used to describe ignition
at cavity collapse sites in an AN, oil, water
emulsion explosive. The general features of
such collapses are ignition at the point of jet
impact followed directly by ignition of the
material ahead of the original downstream




cavity wall (as observed in the simulations of
Reference 18). There is no ignition before
cavity collapsc has completed. With the
geometry used in this work, no propagating
reaction front was generated. However,
reaction sites were present convecting in the
flow for 3-6 ps before extinguishing. For lower
void densities collupse proceeded row by row
with the most violent collapses observed for the

hexagonal geometry where the penetration of -

the incident shock into the array was most effi-
ciont, Closer spacing of cavities in downstream
rows appears to quench the burning, by
pressure release and restriction of the material
available for reaction,

The sequences show that ignition in the
case of large cavities in a matrix of low
viscosity is largely a result of the temperature
at the downstreum cavity wall created by gas
compression. The development of the reaction
site is consistent with ignition of an area of
high mixing caused by linear vortices created
by jet penetration of the downstream wall, It is
likely that gas tomperatures within a cavity in
the final stages of collapse are inhomogeneous
due to complex shock reflections within, and
higher than those predicted by an adiabatic
compression model,
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DISCUSSION

J.ROTH, Consultant
Portola Valley, CA

Have you tried different gases in your
collapsing cavities?

REPLY BY N. K. BOURNE

The only gas introduced into the cavities
was air at ambient pressure and temperature,
It would be interesting to vary the ratio of
specific hoats of the cavity contents and/or the
initial gas pressure in order to quantitatively
assess the importance of jet impact vorsus
adiabatic heating as an ignition mechanism.
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DISCUSSION

H. GRYTING, Gryting Energetics
Sciences Company, San Antonio, TX

Do you have (semi-) quantitative infor-
mation concerning the relative importance (as
related to ignition to detonation) of the heating
of the gas by adiabatic compression during hot
spot formation upon shock wave impingement,
and the simultaneous attack upon the explosive
at the far hot spot sphere wall from fragmented
explosive particles flung inward from the
shock that causes the hot spot to collapse?

REPLY BY N. K. BOURNE

The sequences I have taken suggest that
in the explosive system presented in this work
it is the hydrodynamic heating resulting from
the jet impact that is the primary ignition
mechanism, The adiabatically compressed gas
does have an influence on the ignritions
observed, but at ¢ temporally distinct time
after a site has begun to develop centered on
the point of jet impact. The spatial extent of
the site is thus influenced by the ignition from
the hot gas. In a few cases, ignition of vapor
within the cavities has been tentatively
identified. These sequences will appear in a
future paper. | must stress that our system is
one in which viscosity is low and cavitics are
large so that visco-plastic work contributes
negligibly to temyerature rises. This is not
generally the case in many systems of interest.




RESPONSE OF COMPOSITE PROPELLANTS TO SHOCK LOADING

Bai Chunhua and Ding Jing*
Beijing Institute of Technology
Department of Engineering Mechanics
P, 0. Box 327, Beijing 100081, PEOPLE'S REPUBLIC OF CHINA

and the binder, HTPB or thiokol,

The response of two composite propellants, FT-1 and FT-2, to two
shock loadings, 2.0 GPa and 10.0 GPa, has been studied. In the shock
initiation process produced by a 2.0 GPa shock wave, there are two
peaks behind the shock front in histories of particle velocity, pressure,
reaction rate, and others. The reaction proceeds with three stages. Ina
detonation process under 10.0 GPa shock loading, the reaction zone
extends for more than 1.0 us and the detonation is non-ideal. Analyses
using the Lagrangian technique show that the two peaks are produced
by the physical and chemical interaction of the ammonium perchlorate

INTRODUCTION

During the development of propellants,
the shock wave sensitivity must be considered.
In manufacturing, machining, stockpiling,
transporting, and during use, propellants are
often acted on by shock waves. On the other
hand, in a process of deflagration to detonation
transition (DDT), the shock to detonatlon
transition (SDT) is the final stage.!? For a
long time the shock wave sensitivity of sohd
propellants was evaluated by Gap Test, 3 the
behavior of propellants under shock loading
has been wxdely studied. Later, the Modified
Gap Test®® was developed. Using this test,
two thresholds can be obtained. One is the
reaction threshold and the other is the
detonation threshold. Probe and wedge
experiments 78 were used to get the locus of the
shock front. Some researchers? studied quali~
tatively the interaction of components using
numerical modeling.

In this work, two composite propellants
are studied which are named FT-1 and
FT-2. The megin formulation for FPT-1 is
21/8/65 wt percent thiokol/aluminum powder

*Currently on sabbatical leave at CETR, New
McxicoTech, Socorro, New Mexico 87801
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(Al)/ammonium perchlorate (AP), and that
for FT-2 is 11/18/68 wt percent hydroxy-
terminated polybutadine (HTPB)/Al/AP,
First, by using Lagrange gauges and
Lagrangian analysis, histories of particle
velocity, pressure, specific volume, and
internal energy are obtained. Then, based on
these results, reaction characteristics are
calculated which are composed of reacticn
extent, reaction rate, energy-release rates, and
instantaneous heat of reaction. Finally, the
reaction process is analyzed with the help of
component experiments.

METHODS

The shock wave system consists of a
100-mm diameter plane wave generator, a
10-mm thick Baratol pad, and a gap used to
adjust pressure, Using EMV gauges and man-
ganin pressure gauges, a set of particle veloci-
ties and pressure histories are measured. The
assemblies of the two kinds of gauges are
gshown in Figure 1. When using EMV gauge,
the influence of detonation product conduc-
tivity on tha results of measurement was
studied. The results show the error is 12ss than
4 percent.‘o The tnagnetic field, which is
produced by a Helmholtz coil in a 160 mm
diameter sphere, is 1,000 £ 5 Gauss.




Pressure History Meagsurement Particle Velocity History Measurement

1- 80x25x30 mm 1-80x25x30 mm
2-80x30x3mm 2-80x30x3mm
3-80x30x20 mm 3-80x30x20 mm
4- H type manganin gauge 4- Utype EMVQG

Experimental records of particle velocity histories (a,b) and pressure histories (c,d)
a,c- FT-1Propellant b,d. FT-2 Propellant

Figure 1. Assemblies of a set of (a) KMV gauges and (b) manganin pressure gauges
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Based on the experimental results for
particle velocity and pressure, specific volume
and specific Internal energy are evaluated
from the foliowing equations:

t
Vit = Vb, + l[ (9-9-) W
po i éh /y
t
E(h,t) = E(h,v) - 'l—[ P(ﬂ) dt. (2)
po ] -6h t

Here, U, P, V, and E are particle veloc-
ity, pressure, specific volume, and specific
internal energy, respectively. h and t are
Lagrangian coordinates, v is the time of shock
front arrival, subscript 0 expresses initial state

18]

and
(%)

is determined by the pathline technique.!!
The state of shocked propellants is described
by Equations (3) to (9). Reaction extent, A,
is obtained through substituting the results of
Lagrangian measurements and Lagrangian
analysis to these equations.

2
P o=cp,—py+y—-DpE

o=

E =P /lp k-1

3)

P
P

4
» (4)

y=4s-2(

(5)

P = pu -:Pp (8)

V=MV 4+ (1-hV, (1)

E= AEp+ a ---h)Eu +1AQ (8)
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1
P \
Here Q is the heat of reaction; ¢o and s are
the coefficients in the Hugoniot relation D = ¢g
+ 8U, and are determined by experiment; and
k is the ratio of specific heat of the products,
Subscripts u and p indicate unreacted propel-
lants and reaction products. Other reaction
characteristics—reaction rate r, volumetric
energy-release rate p, chemical energy release
rate’ “ or, and instantaneous heat of reaction!®
@—can be calculated based on the results of
Lagrangian measurements and Lagrangian
analysis.

9)

r—(a") (10)
"\ ot h
. [aP (c)2(aV)
= = - — 11
P (am)h+ \Y at /h (1
p
or=-—-—§ (12)
pe
~ P
Q—F;; (13)

Here c¢ is the frozen sound speed, I' the
Grineisen parameter, and o the thermicity
coefficient.

SHOCK INITIATION

The shock initiation process of KT-1
and FT-2 produced by a shock wave with a
front pressure of 2.0 GPa was studied.
Histories of particle velocity and pressure were
measured at four profiles using Lagrangian
gauges. Specific volume and specific inter-
nal energy were calculated using Lagrangian
analysis. Reaction ¢oxtent, reaction rate,
energy-rclease rates, and instantaneous heat
were also calculated. FT-1 and FT-2 have
similar behavior. Some results of FT-2 are
shown in Figure 2.

From the experimenta) and calculated
results, two peaks behind the shock front are
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of F'T'-2
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found in the histories of particle velocity, pres-
sure, reaction rate, and uthers. The history of
reaction extent is composed of three stages with
the middle one being a reactionless stage.
Comparison of the first and last stages shows
that in the lust stage the reaction develops
more quickly.

DETONATION

When a shock wave with front pressure
10.0 GPa acts on F'I-1 and FT-2, Lagrangian
gauges record the detonation process. In par-
ticle velocity and pressure histories there is
one peak behind the shock front. In Figure 3a
are the pressure histories of 1"1'-2, Based on
the results of Lagrangian gauges, specific

volume, and specific internal energy, other
reaction characteristics are calculated. Figure
3b is the results of volumetric energy-release
rate of FT-2, From these results it is found
under detonation the reaction continues for
about 1,0 us and the width of the reaction zone
is more than 5.0 mm,

Experimental detonation parameters
were obtained from Lagrangian gauge mea-
surements and ideal detonation parameters
were calculated using BKW code.!* Some
results are shown in Table 1. Comparison of
the experimental and calculated results shows
the iatonation of composite propellants is non-
ideal,
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Table 1. Experimental and Calculated Detona-
tion Velocity D and Detonation Pressure P

Dexp Deale pexp | Peale

Propellant | 17/6) | (kmvs) | (GPa) | (GPa)
FT-1 6.10 7.03 14.56 23.9
FT-2 6.46 7.70 16.0 28.7
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ANALYSIS

In order to help analyze the complicated
process of shock initiation and detonation of
composite propellants, manganin pressure
gauges were used to measure the pressure
histories individually for the following six
kinds of compositions:

(1) AP
(2) HTPB and thiokol
(3) mixtureof AP + Al

(4) mixtures of AP + HTPB and AP +
thiokol

(6) mixtures of Al + HTPB and Al +
thiokol

(6) FT-1and FT-2
Some results are shown in Figure 4,

12.06 16.C
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The result of binder alone (Figure 4¢),
HTPB or thiokol, shows that under 6.0 GPa
shock loading the reaction of the binder
continues near the front se that the pressure of
front is about 8.0 GPa, which agrees with the
result of numerical simulation.!® The reaction
of AP starts at the shock front, but occurs
mostly behind the front (Figure 4a).

From the results of AP + Al (Figure 4b),
it is found that Al starts to react before the
reaction of AP stops. In the mixtures of AP
+ binder there are two peaks similar to
those in FT-1 and FT-2 (Figure 4d). This
indicates the double peaks are the result of
interaction of AP and binder, HTPB or thiokol.

Comparison of the results of AP and the
mixture of AP + bhinder shows the first
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Figured. Pressure Histories of Single Component and Mixtures of Two Components System.,

a - AP under different shock loadings.

b- Mixture of AP and Al under 6 GPa shock loading.

¢ - HI'TPB alone (curve 1) mixture of HTPB and Al (curve 2).
d-AP + HTPB (curve 2) incomparison with -2 (curve 1),
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peak of the mixture is higher than the peak
of the AP alone (Figure 4a and 4d). This means
the products of AP can react with those of
the binder because the binder reacts near the
shock front. Comparing the results of the mix-
ture of AP + binder with that of the com-
posite propellants, it is found that the two
peaks of the propellants are higher than those
of the mixtures (Figure 4d). This shows the
reaction of Al with oxidants strengthens the
two peaks,

CONCLUSION

The behavior of two commercial
propellants—binders of which are thiokol and
HTPB, respectively—differs greatly with that
of double-base and high energy modified
double-base propellants. For these composite
propellants, there are two peaks behind the
shock wave front in the histories of particle
velocity, pressure, and others. The formation
of hot spots and the ignition of composite
prop.ilants have been modeled numerically. !5

The reaction process of composite
propellants under shock loading proceeds with
three stages. In the first stage, binder and AP
react independently. Binders and AP-air react
very fast and they will all react within about
0.1 ps in a ball of diameter within the range
0.06 - 0.1 mm. The products of AP also react
with that of binders and aluminum powder. In
the first stage, the chemical reaction does not
have its highest rate at the shock front, but
grows up gradually. This means that the
reaction taking place beyond the shock front is
very important for composite propellants. At
the end of the first stage, under the high shock
pressure, the binder becomes a viscous liquid
which partially covers the AP crystal surface.
The same conclugion was reached by W. Xu et
al.!8 For this reason a short reactionless stage
intervened. After a time delay of about 1-2
microseconds for transport processes, reactions
resume and the third stage proceeds. At the
last stage, particle velocity, pressure, and
reaction extent go up again until the end.

With a better physical model, a better
approach to evaluating the hazardous proper-
ties of composite propellants under shock load-
ing is possible, and the prevention of their
disastrous accidents shall be within sight.
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DISCUSSION

PIER K, TANG
Los Alamos National Laboratory
Los Alamos, NM

I am not surprised by the piessure of the
second stage, The dezomposition products fro:a
we firet thage have to mix together before they
wan react further. The mixing process involves
inigration of various components and the rate
is very slow. In this stage, the energy
production is practically zero, The binder
before melting acts as a barrier for the mixing
process, Can you comment on this scenario?

REPLY BY DING JING

The scenario given in this paper is quite
complicated. The existence of a reactionless or
a very slow reaction stage has been shown by
the analysis of experimental results, However,
the detailed mechanism of such a stage is not
very clear so far. There might be a stage of
slow reaction in the condensed phase, It has
been investigated by Xu Wengan et al.!8 on the
covering of molten binder (HTPB) over AP
using X-ray photo electron spectroscopy. The
average covering amounts 10.9 percent of the
total surface for HTPB composite propellant
under an average pressure of 40,8 kg/cm?,
They also confirmed by their experimental
results that the condensed-phase reaction of
AP actually exists in the burning process of
AP-based composite propellants.




DEFORMATION AND EXPLOSIVE PROPERTIES OF HMX

POWDERS AND POLYMER BONDED EXPLOSIVES

J. E. Field, M. A, Parry*, 8. J. P. Palmer, and J. M. Huntley
Cavendish Laboratory, University of Cambridge,
Madingley Road, Cambridge CB3 OHE, UNITED KINGDOM

Techniques have been developed for studying the behavior of explosives
when impacted for recording their strength, fuilure, and ignition
properties. They include a drop-weight facility with transparent
anvils, an instrumented drop-weight machine, a miniaturized
Hopkinson bar system for high strain rate properly measurement, laser
speckle for studying the deformation and fracture of PBXs, an
automated system for analyzing speckle patterns, and heat sensitive
film for recording the positions and temperatures of "hot spots.”
Polishing and staining methods have been developed to observe the
microstructure of PBXs and failure during quasi-static loading.
Further evidence is given of shear banding in PETN, and the effect of
particle size on the behavior of HMX during impact is described. The
quasi-static strengths of PBX samples were measured using the
Brazilian test with the straine recorded using laser speckle

photography. Data is given for five PBX compositions.

INTRODUCTION

This paper describes the response of
explosives to stress and impact. Samplas in the
form of powder layers, pressed pellets, and
polymer bonded explosives (PBXs) have been
studied. It is linportant with all of these
systems to understznd the factors which affect
their mechaniea! #r-d thermal properties since
these influence the mechanisms of “hot spot”
formation and the oxplosives’ “sensitiveness”
and "explosiveness.”

EXPERIMENTAL
High Speed Photography; Transparent

Anvil Drop-Weight Apparatus

Advances in the understanding of explo-
sive phenomena have been greatly assisted by
direct observation of events using high-speed

*Now at Materials Research Laboratory,
Ascot Vale, Victoria 3032, Australia.
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photography. The ability to obtain both tem-
poral and spatial resolutions during impact has
been particularly valuable in establishing the
sequence of events. The arrangement used in
the present work (Figure 1) was originally
employed by Blackwood and Bowden! and has
more recently been extensively used b
Heavens, Field, Swallowe, and others.?’
Typically, 26 mg samples of material, in the
form of powders, pressed discs, or PBX
samples, are compressed between toughuned
glass anvils with an impact velocity of typi-
cally 45 m g'l. The drop weight (mass & kg)
which carries the upper anvil is dropped from a
height of up to 1.5 m and is guided by three
rods to ensure a planar impact. Shortly before
contact, the mirror within the weight comes
into alignment to complete the optical path
from the xenon flash light source, through to
the high-speed camera. The AWRE C4 rotat-
ing mirror camera, is of the continuous access
variety so that synchronization is not required.
The full length of film (140 frames) is scanned
in approximately 1 ms so that the duration of
the flash also functions as a shutter.
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Figure 1. A Cross Section of the C4 Drop-
Weight System. W is the weight, M a mirror,
and G the loughened glass anvils with S the
specimen.

Fiold et al.%7 determined that the initia-
tion of explosive samples usually occurs after
rapid radial flow (greater than ca. 100 m &'!)

unless sensitizing grits are present. Valuable
data which cen be extracted from the photo-
graphs is, therefore, the radius as a function of
time and, thereby, the velocity as a function of
time. Rapid flow can occur as a result of
mechanical failure of the sample but while this
may be true in some cases, it is not a necessary
precursor. If the material is sufficiently weak
that it generates negligible vetardation to the
fulling weight and deforms at constant volume,
then high radial velocities are a natural
outcome. In addition to the bulk plastic
behavior, other physical processes such as
fracture, jetting, bulk plastic flow, localized
adiabatic shear, melting, and elastic recovery
can be observed under favorable conditions.
Explosive reaction is visible since it is self-
luminous. Although photographs present a
large amount of information, they cannot
usually tell the whole story without corrobo-
rative evidence from other sources such as
dynamic stress measurement.

Instrumented Drop-Weight Apparatus

A second drop-weight machine is avail-
able with instrumented steel anvils (Figure 2).
The system rests on a large blacksmith’s anvil,
which provides an almost ideal rigid support
for a small load cell which measures the impact

- H
)
— D
e
M -
A )
A nevvemmend
2¢M

Figure 2. Instrumented Drop Weight. W is the
weight; A the anvil; R;, Rg, and Rg the steel
rollers, the lowest being the load cell having
strain gauges G; and D the light detector,

force. Thecell is of in-house design heing made
from a 12,7 mm x 12,7 mm stoe!l bearing roller
with two pairs of strain gauges fixed axially on
opposite sides of the roller which has four flats
machined on it. An impact cell is formed by two
further rollera stacked on top of the load cell,
and samples are placed between this pair, the
whole arrangement beoing impacted by a
weight of 2.6, or 4.7 kg.

The dynamice of the system have been
described in detail earlier,2 but a comparison
with the behavior of a direct impact, Hopkinson
bar (next subsection) is illuminating. Unlike
the Hopkinson bar, the dynamics of the drop
weight system do not require explicit account
to be taken of stress wave propagation. The
pressure bar in the smallest of our
miniaturized Hopkingon apparatuses is made
deliberately long at 150 mm, so that a stress
wave can be observed without interference
from reflections. The drop-weight load cell is
much shorter, being 25 mm including the
protective roller on top of it, but the timescale
over which it operates is 400 ys compared with
18 ps for the pressure bar. Consequently, there
are many stress wave reflections in the load
cell and its behavior is therefore quasi-static.

A further facility which is used with 25 mg
samples when initiation is expected is the
detection of electrical conductivity between the
anvils. This can detect ionized gas and pin-
point the initiation of explosion. Alternatively,
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ignition is detected by monitoring light output
with a photo-cell.

Miniaturized Hopkinson Bar

In a conventional Hopkinson bar system
(see, for example, Reference 10), the specimen
is placed between two long, cylindrical rods. A
stress pulse is then sent down the input bar,
and gauges record incident, reflected, and
transmitted waves. From these records, it ia
possible to obtain stress/strain behavior of the
specimen at strain rates of ca. 108 8"}, A few
years ago, Gorham!! developed a direct impact
(no input bar) miniaturized system. Initially, a
high-speed camera was used to measure strains,
but this is not essential and stress strain curves
can be obtained from the gauge records on the
output bar following an analysis given by Pope
and Field.!? The advantages of the new
apparatus are that strain rates up to ca. 105 g1
can be achieved and high strength specimens
investigated. Results on a range of PBXs were
presented at the last Detonation Symposium.?

Brazilian Test and Laser Speckle for
Tenslle Strengths and Straing to Fallure

The Brazilian test geometry (Figure 3)
and laser speckle photography have been used
to study the tensile strengths and rupture
strains of a variety of PBX compositions at
strain rates of ca. 10441,

The compression induces tensile stresses
normal to the loading axis which are sensibly
constant over a region about the center of a
specimen, The tensile strength of the material
is then calculated from

P

P

Figure 3. Loading Arrangement Used in
Brozilian Test

o, =2P/nDt, (m

in which P is the failure load, and D and t
the diameter and thickness of the specimen,
respectively. The validity of Equation 1 is
based on the assumptions that failure occurs at
the point of maximum tensile stress (i.e., at the
center), and that the compressive stress has no
influence on the failure. In practice, the use of
plane anvils can produce very high contact
stresses at the loading points, and lead to the
collapse of the contact edge. Awaji and Sato!3
have shown that by using curved anvils,
collapse of the edge can be avoided, and shear
stresses under the points of loading may be
substantially reduced. If the ratio of the
contact half-width, b, to the disc radius, R, is
larger than approximately 0.27, the maximum
principal stresses near the contact area are

compressive. Then the tensile stress at the
center is given by
0 ={1 - GRo,. )

Other workers!4'18 uging the Brazilian
test geometry have employed displacement
transducers to measure the average tensile
strain across a diameter., However, the use of a
relatively simple optical technique called
“speckle photography” allows in-plane displace-
ments to be measured to an accuracy of ca. 0.1
pm at different positions on the sample
surface, and thereby determine the strain fleld
atany point.!"!® There is the added advantage
that it is a remote sensing technique which
does not involve attaching gauges to the
sample. For displacement and strain measure-
ments, a double exposure is photographically
recorded before and after deformation.
Displacement information can be extracted by
allowing an unexpanded laser beam to pass
through the negative. If, at the point
illuminated the "speckles” have been displaced
between exposures, the displacement vector is
manifested by a Young's fringe pattern
observed at the far-field Fraunhofer diffraction
plane. The displacement vector is perpendi-
cular to the fringe orientation with magnitude
inversely proportional to the fringe spacing.
Complete analysis involves many measure-
ments, and bacomes tedious when performed
manually. For this reason, a fully automatic
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electro-optical system for measuring the dis-
placement field from a double exposure speckle
photograph has been constructed.!® With the
present system the computation time per fringe
pattern is under 10 s, giving a total analysis
time per photograph of typically 30 - 40 minutes,

Heat Sensitive Film Technique

The technique used in this work was first
suggested by Coffey and Jacobs.20 It is based
on the use of an acetate sheet coated with a
sensitive layer which darkens on exposure to
heat. For very short duration heat pulses
(<104 &) the film color is yellowish-brown
rather than black, and the degree of darken-
ing increases as the contact time is increased,
until the film is fully blackened. The color-
ation is believed to be due to the reaction in the
sensitive layer being unable to go to comple-
tion in the time available. Film darkening isa
function of both temperature and time, so to
use the film to estimate the temperature
achieved during deformation, one must know
the time over which the deformation occurred,
and then refer to a set of calibration curves
(darkening as a function of time and temper-
ature) for the film, Details of how the film has
been calibrated can be found in Reference 21.

To use the calibration to obtain a
temperature in &n impact experiment, it was
necessary to measure the time during which
the darkening took place. These measure-
ments were made by using the transparent
anvil arrangement described above. Experi-
ments were carried out by placing the film on
the glass anvils with the sensitive side in
contact with the sample. Results giving the
temperatures achieved during the defor-
mation, shear banding, and fracture of a range
of polymers can be found in Reference 21.

Microstructure and Fracture Paths in
PBXs

Polishing and staining techniques have
recently been developed to study the relation-
ship between the microstructure of polymer-
bonded explosives and their fracture routes
when broken in the Brazilian test under quasi-
static conditions. A post-failure examination
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of the fracture route through the micro-
structure provides a valuable ingight into the
fracture mechanisms. It is not, however,
usually possible to determine where failures
initiated, or the order in which aevents occur
during crack propagation. A technique has
therefore been developed using a computer
operated camera (Olympus OM2 with motor
drive), attached to a microscope stage to record
photographic sequences of the microstructure
at the center of a sample during a Brazilian
test.

RESULTS

Drop-Weight Impact on PETN; Further
Evidence for Ignition by Adiabatic Shear

Drop-weight impact, using the trans-
parent anvil, and instrumented apparatus
(Figures 1 and 2) was first used by Heavens
and Field in the early 19708.2% They showed
that thin layers exhibited fracture, compac-
tion, sintering, plastic flow at high velocities,
jetting, melting, and ignition in the glass anvil
apparatus. Banded siructures which became
visible in some sequences, with both PETN and
RDX, were interpreted, we now think wrongly,
as rlpplos caused by jetting. The evidence on
this point was re-interpreted by Field et al.®
and evidence was presented to show that the
features were shear bands; a mechanism for
hot-spot production and ignition which had
been suggusted by Wint.er and Field for other
explosives in 197522 At the last Detonation
Symposium, photographic evidence was preaen
ted of adiabatic banding in PBXs and PETN.?

Figure 4 shows the result of an experi-
ment when the heat sensitive film was used.
The original is in color, but the black and white
reproduction shows the key features. Where
there has been fust reaction the products have
removed much of the heat-sensitive layer, but
at the top of the picture where the film
remains, it is a deep orange-brown. In the
lower part of the film there is a great arc of
banding, and where the heal sensitive layer
remaing attached, it varies from light brown to
almost black, all indicative of high tempera-
tures, The ignition alsoclearly starts from the
region where the bands are located. Figure 5




Figure 4. Heat Sensitive Film Record of an
Impact on PETN. Original in color. Clear
evidence of shear banding and associated
ignition,

Figure 5. Shear Bunding in PETN After
Impact, Where Ignition Failed to Occur

shows an impact from a suberitical height
ontoa PE'TN layer.
shear bands particularly well in part of the
unexploded layer.

Table 1

Particle | Median
Typa Comments o | particle
: range/ |gize/um
pm
A | Granular powder | 100to | 480
produced by 1000
recrystallization
from cyclohexanol,
B | Fine powder 2t0 130 28,6
produced by
colloid milling of
type A. Bimodal
distribution,
TC/14| Micronized by 2t0180} 20
fluid energy
milling of type A.
TCN3 “ 2t0 36 10
TCN2 " 21029 6.4

It shows the families of
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Drop-weight Impact on HMX of Different
Particle Sizes

The HMX was provided by AWRE and
Table 1 gives details,

Experiments with Heat-Sensitive
Film. The HMX samples were impacted using
12 mm discs of heat-sensitive film (HSF) on the
lower roller of the steel anvil apparatus, with
the emulsion side of the [llm against the
explosive. A range of drop-heights were used,
and the Hgg's determined for the HMX samples
in the presence of HSF. These Hgy's were in
fact higher than the Hgo's with bare anvils.
The desensitizing effect of the HSI* is thought
to be due to the increased friction which
doecreases the velocity and extent of rapid flow,

Iigure 6 shows two IISF discs viewed in
silhouette, and also the extent of flow of the
HMX (dashed line). The sample originally
occupied an area similar to that of the
discolored region. The extent of radial flow of
the sample with HSF was loss than when bare
metal unvils were used. Presumably this was
due Lo increased friction between the explosive
and the HSF. The band-like character of the
heat output during the impact experiment is
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Figure 6. Two Recovered Discs of Heat-
Sensitive Film (HSFK)., The explosive has been
removed: (a) The urea that the HMX occupied
after impact is indicated. The discoloration of
the HSF appears as a patiern of both radial and
parallel lines. The sample originally covered
an area similar to the discolored area. (b) Par-
tial reaction has occurred and part of the HSF
disc has been consumed, but the band-like pat-
tern is still apparent near the center of the disc,

4

evident in Figure 6a, and can still be detected
in Figure 8b, even though partial ignition and
propagation of the explosive hgd occurred.

Figure 7 is an HSF disc viewed by
reflected light, Note, the original photograph
was in colorl The patterns on the recovered
HSF disc consists of families of approximately
parallel lines, some of which bifurcate, and
which are characteristic of shear bands. The
figure shows that black (very hot) areas also
occur at the junction of some lines (labeled C).
Figure B shows failure patterns in HMX which
has remained on the steel rollers after impucts
from sub-critical heights. Figure 8a shows the
HMX after a test with HSF and reveals the
close resemblance between lines on the HSF and
failure in the explosive. This type of failure
pattern was also observed during impact of
HMX with bare metal rollers. Figure 8b is a
clear uzample of shear bands in an impacted
layer of HMX. 'The conclusion is that HMX
fails by shear banding in these experiments
and that these shear bands are the hot-spot
sites which cause ignition.

High Speed Photography. Heavens
and Field?? showed that HMX compacted,
jetted, flowed plastically, and ignited, but
unltike PETN and RDX did not sinter and melt.
Although the propagation rate in HMX was
high, combustion was invariably incomplete in
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Figure 7. HSF Recovered after Impuact of 1IMX
Showing Branching of the Shear Bunds and
Discoloration Where Branching Occurs.
Original in color.

the drop-weight experiments. This type of
behavior was found in the present work, with
the residue varying considerably. All the
experiments were from a 1 m drop-height onto
25 mg powdered layers.

Itigure 9 is for type A HMX and is typical
of all impacts on this coarse material (Table 1)
where ignition took place. The small, slightly
darker region which is just visible near the
center in most of the frames iy due to
overwriting as the camera mirror comss into
position again. All the stages listed ubove are
clearly shown. Ignition oceurred on rebound
after a short plateau region and is a perfect
example of what wo classify as a “widespread”
ignition from a multitude of sites, The finer




Figure 8. Photographs of Explosive Remaining
on Hardened Steel Rollers after Impact. (a) is
from a test with HSF. Notice the lines in the
disc resemble the failure pattern in the
explosive, (b) was obtained during impacts
with bare metal rollers and shows a band-like
failure pattern.

Figure 9. Impact on Type A HMX, Widespread
Ignition Wuh Rapid Flow (Maximum Velocity
240 m s'!). Framing intervals 6.5 us, field of
view 20 mm.

grain samples all exhibited "local” ignitions,
Pigure 10 is an example for TC/12 HMX
(Table 1) where it took place during the initial
rapid flow stage. The initial propagation in
frame 42 is very similar to the petterns found
on the heat-sensitive film (Figures 6-8),
Figure 11 is for type B HMX (Table 1) and
contains some interesting extra features.
Local ignition occurs during the rapid flow

Figure 10. Impact on Fine Grain HMX
(TC/12). Local ignition durmg rapid flow
(maximum velocity 240 m s°'), framing interval
7 us, field of view 20 mm.

stage at a group of small sites (three white
dots) in frame 48. But these fade and
extinguish (frames 48-64). Local ignition at a
new site eventually takes over. Enlarged views
of frames 48, 49, and 54 are shown in Fig-
ure 12, Note that the structure of the main hot
spot is reminiscent of the patterns on the HSF.
Finally, the banded structure which influences
the propagation so strongly in frame 57 also
suggests the presence of she&r bands in the
deforming HMX,

Explosiveness, Propagation; Depend-
ence on Particle Size. Damage to the surface
of the glass anvils after impact depended on
the particle size of HMX used, and only
occurred when there was an explosive reac-
tion. The area of damage for coarse HMX was
larger than for fine HMX, although there was
overlap. The high-speed photographic records
also showed that the propagation of reaction
was higher in coarser material. This fits in




Figure 11. Type B HMX. Maximum velocity of
185 m 5L, The first local ignition seen in frame
48 fades. A local ignition which propagates
starts in frame 54, Note the banded appearance
in frame 57. Framing interval 7 us, field of view
20 mm,

with LABSKET data (the AWE test for
“explosiveness”) on the PBXs that we have
tested. The LABSE'T figure is usually higher if
it contains coarser material compared to
micronized crystals,

Cross sections of impacted layers which
did not ignite show a denser compacted
material with fine powders and an open
structure with coarger material. The burning
front clearly propagates more readily through
a compacted layer of courser material. See, for
example, Figure 9 with its "widespread” igni-
tion and propagation. Ior finer material (see,
for example, TMigures 10 and 11) there is
propagation from "locul” sites along a few
channels. A second fuctor which assists more
rapid propagation through a compacted layer
with larger particles is the higher heat
conduction. The more [requent grain bound-
ories with compacted fine-grain crystals lower

Figure 12. Enlurged View of Frames 48, 49,
and 54 of Figure 11. Frame | is 337 us after
first contact.

the bulk conductivity. We have measured the
thermal conductivity of pressed powdcered
layers; the value for coarsc HMX was twice
that of micronized HIMX.

Quasi-Static Strengths and Strains to
Failure of Some PBXs

Sumples [rom five different PBX com-
positions in the form of dises 6.356 mm in
diameter by 2.0 mm thick (Table 2) were used
to measure the quasi-static strengths and
straing to failure, at a strain rate of 107 7!,
with the laser speckle technique.

Typically ten samples were tested for
each material. There is only space to illustrate
one set of data (Figure 13) and to discuss the
results briefly,

Stress Versus 'ime Plot, Of the five
mualerials tested, compositions PBX 0298 and
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Table 2. Details of PBX Compositions

Weight Tensile | Fracture
Compaogition [Constituent ‘: strength | Strain
/MPa  [/millistrain
PBX 9501 HMX 95.0
ESTANEK | 250 |0.78 0.1 3.92
BDNPA 1.26
BONPR 1,25
PBX 9502 TATH 95.0
KELF 5.0 {3.28 £0.1 2.91
PBX 0288 HMX 97,50
Kraton 1125 1.0610.1 11.20
0il 1,975
PBX 0407 TATB 69.8
BETN 26.0
KELF 50 (412204 3.08
Dye 0.20
PBX 0344 TATH 71.26
HMX 2075 [4.1720.4 1,70
KEL ¥ 5.0
STRESS STRAIN PBX 0344
-]

b ———o PBX 0344/9
| = = — -0 PBX 0344/10

0 0:5 i i:l 8 2:! 3
BTRAIN/millistrain
Figure 13. Resulls for PRX 0344

9501 showed the lowest tensile strengths,
fuiling at a stress of 1 MPa or less, Both
materials behaved in a rather ductile manner,
However, the strains to faiiure were very
different since PBX 0298 fails at about
1 percent strain, while PBX 9501 failed at less

than half this value. The remaining three
materials, PBX 0344, 0407, and 9602,
exhibited very similar tensile strengths,
particularly 0407 and 0344. The stress-strain
curves for these materials (an example is given
in Figure 13) show a much more brittle
behavior. Although the tensile strengths of
0344 and 0407 are very close, the failure strain
of 0344 is significantly smaller thun 0407, If
the tensile strengths of 0407 and 9502 are
compared, logether with their compositions, it
appears that the replacement of TATB (IHE)
by a TATB/PETN mixture, significantly
increases the tensile strength of the composite
without alfecting its strain to failure.
Replacing TATB by a TATB/HMX mixture (as
in 0344) also increases the tensile strength by
a similar amount, although the strain to
failure is reduced. This may be due to the
HMX component, as this is a woaker and more
brittle crystal than PETN, and may be more
susceptible to fracture as a result of
deformation twinning.?® Since neither of the
two weakest materials contalned the KEL-I
binder, it is not possible Lo ascertain the
influence of the binder on the mechanical
properties of the composites, Consequently, it
mdy be the large volume fractions of HMX, or
the replacement binders, that are responsible
for the low tensile strengths of 0298 and 9501,

Fracture Paths., Figure 14 is an
example of a fracture path in PBX 9501. The
sumple was stressed in the Brazilian geometry
(I'igure 3). In this case there is little or no
evidence of crystal fracture except at the
bottom left of the picture. The most striking
feature is the amount of interfacial failure
with the fracture path predominuantly follow-
Ing the bounduries of crystals.

An example of time lapse photography is
given in Figure 15 for PBX X-0298 again
loaded in the Brazilian test. This sample failed
at a load of 1.64 kgf corresponding to a tensile
stress of 1.28 MPa at a time of 167 s alter start
of loading (¢ =~ 104 §!). The frames were
recorded al 8 s intervals. Failure started at
three separate sites (arrowed in frame(a)). Note
that the upper failure propagated through two
crystals while the lower failures propagated
along crystal boundaries und through the
matrix. By frame (d) a continuous fracture
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Figure 14. The Fracture Path in PBX 9501

path had developed. The value of the time-
lapse photography is that it shows that
multiple nucleation sites can be involved and
that tears in the binder can initiate interfacial
debonding, as well as crystal fracture.
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Figure 15, A Time Lapse Pholographic
Sequence for PBX X-0298
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PHYSICAL AND CHEMICAL NATURE OF HOT SPOTS
IN TATB AND HMX

J.Sharma, B. C. Beard, J. Forbes, and C. 8. Coffey
Naval Surface Warfare Center
10801 New Hampshire Avenue
Silver Spring, Maryland 20803-5000

and

V. M. Boyle
U.8. Army Ballistic Research Lahoratory
Aberdeen Proving Ground
Aberdeen, Maryland

observed in shocked explosives.

The physical and chemical response of TATB, HMX, and AP (o
underwater shock, impact, high rate shear, and beam irradialion have
been investigated. The initiating stimulus was held to sub-ignition
levels to assure the maximum effect without consuming the sample.
The products observed were identical to those observed by thermal
decomposition and were independent of the extent decomposition, New
products in the solid residue of damaged AP and nitramines have been
detected. Physical evidence of extinguished hot spots, surrounded by
partial decomposition products of increased sensitivity, has been

INTRODUCTION

Our report in the last detonation sym-
posium discussed the initial reaction products
observed for several materials,! The current
report will concentrate specifically on TATB,
the nitramines IIMX and RDX, and the oxi-
dizer Ammonium Perchlorate, (AP). The
driving force of our investigations is a funda-
menial understanding of the initial chemical
and physical response of enorgelic materials
to stimuli leading to sustained detonation.

For this study, TATB, the nitramines
HMX and RDX, and the oxidizer AP were
driven close to the threshold of ignition by
different stimuli such as shock, impact, high
rate shear, or irradiation. The recovered sam-
ples were analyzed by x-ray photoelectron
spectroscopy (XPS), and scanning electron
microscopy (SEM). The surface specific
chemical information obtained from XPS gives
an advantage of at least a thousand compared
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to bulk analytical techniques (i.e., chroma-
tography).! We attribute much of this advan-
tage to the fact that reactions seem to be
localized on the surfaces of the particles where
friction and heating are concentrated.

The importance of this work goes well
beyond fundamental curiosity, ln most cases
the reaction products which result from par-
tial decomposition of energetic materials are
more sensitive to impact or shock initiation
than the parent material.! Even though the
concentratmns of these products are very
small (102- 107 percent)? their existence poses
a safety hazard., In addition, identification of
the first steps of reaction will answer such
questions as which bond is the first to break,
and whether the first reaction is inter- or
intramolecular,

EXPERIMENTAL

For studying the effects of shock, the
aquarium tost of Liddiard® was used, where a




shock of 4-10 kbars with the duration of a few
microseconds was given to the explosive. The
surviving samples were recovered and
analyzed. For the study of impact, a 10 Kg
drop test machine? was used, in which the
sample was sandwiched between sheets of
heat sensitive film. When necessary, the
effects of friction are augmented by adding
sand to the explosive. The effect of high rate
sheur was studied by using an actuator, which
pushes a plug of polyethylene at a pressure of
about 10 kbars through a layer of explosive at
60 m/sec. The effect of irradiation was studied
by soft x-ray (16 KV, 12 ma) and pulsed
particle beams,

X-ray photoelectron spectroscopic study
of the recovered samples was carried out in a
Kratos ES-300 instrument described earlier.!
Fine particulate debris from the recovered
samples was mounted on Duco coment then
docorated with gold for unalysis in an AMR
1000A scanning electron microscope.

RESULTS
TATB

As has been reported carlier, the initial
reaction products of TATB are furoxan and
furazan derivetives of TATB. The physical
nature of such decomposition products was
dotermined by SEM. Figure 1 shows the
formation of sphericul deposits close to the
edges of the crystallographic planes of TATRB.
In many cases, the dumage was characterized
by small holes (~0.5 x 10" m) in the crystal
planes, with products deposited all around.
The new products appear as beady deposits on
the planar structure of the parent TATB, The
interpretation is that a hot spot initiated, but
reaction died out prior to consumption of the
bulk material, TATB pyrolyzed by beam
irradiation showed products with morphologi-
cal structure (Figure 2) and chemical
composition similur to those observed in the
shocked or impacted sumples.

Nitramines HMX and RDX

For the first time, reaction products in the
solid residue of shocked HMX have been detec-
ted. Recent experiments with HMX and RDX
have generated samples, subjected to shock
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Figure 1. Spherical Deposits of TATB
Decomposition Products Located About
Quenched Hot Spots

Figure 2. Residue of Pyrolyzed TATB Shows
Similur Morphology and Chemistry as (he
Products Developed in Shocked TATB




and rapid beam heating, that demonstrate the
presence of partial decomposition products,

Underwater Shock. HMX recovered
from underwater shock of 4.1 kbar suffered
nitro group loss observed as a decrease in
intensity from the nitro peak in the XPS N(1s)
gpectrum (Figure 3). Nitroso and triazine-like
nitrogen chemistries were also observed in the
N(1s) XPS spectra of shocked HMX, These
chemical states of nitrogen were identified by
comparison with N(1s) binding cnergies
obtained from trinitroso RDX and s-Triazine,
Nitroso groups appear 1.4 eV above the peak
from the amines in HMX while triazine
appeared 1,8 eV below this same peak,

KElectron microscopic analysis of the
shocked HMX demonstrated a significant
change in the morphology when compared to
the starting pressed pellet (IMigure 4), The
micrographs of the pressed pellot indicate a
large degree of included porosity presumably
from residual voids, Following the pussage of
the shoek wave through the material tho
porosity is lost, The exacl mechanism
involved in this transformation is uncertain,

Control HMX

418 408 aes
Binding Energy (sV)

Figure 3. Compaurison of N(1s) XPS Spectra
from Shocked and Control HMX. Shocked
HMX has lost intensity from the nitro peak
(407.3 ¢V) and shows the development of new
nitrogen chemistries.

Figure 4. Eleciron Micrographs of a) Pressed
HMX Before Shock, (2000 x); and b) Pressed
HMX After 4.1 kbar Underwater Shock,
(5000 x).
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The relatively long duration of the under-
water shock may favor such a transformation
while not depositing enough instantaneous
energy to initiate detonation.

Beam Irradiation Pyrolysis. Rapid
heating of HMX by beam irradiation produced
a fused mass of material filled with bubbles,
The HMX began as pellets which flowed and
consolidated during heating without
initiating (Figure 5). X-ray diffraction anal-
ysis of the pyrolyzed sample indicated that the
material had been completely converted to the
5-phase.® This result indicates that the
temperature during irradiation was at least
167-183°C, the temperature of the  — & phase
change.” Consolidation of the pellets suggests
that the temperature was even higher
approaching the melting point of 275°C. The
highly porous nature of the resulting material
is presumably due to gas generation by
decomposition. XPS analysis of these samples

Figure 5. Mass of HMX Resulting From
Liquefuction During Beam Heating. Bubbles
in the material suggest development of gaseous
reaction producis.

found significant losses in intensity from the
nitro peak and the emergence of intensity
attributed Lo nitrogens in a triazine-like
chemical state, The peak for nitroso was not
observed in these samples indicating high
temperature instability of the nitroso product.
Washing the pyrolyzed HMX with water
generated a solution which, when dried, left a
residue that yielded an XPS N(1s) spectrum
comprised almost exclusively of the triazine-
like nitrogen. Figure 6 is a comparison of
N(1s) spectra from the wash solution residue,
the pyrolyzed HMX and control HMX.

Water Solution
Residue

Triazine
Pyrolyzed HMX

Cuntrol HMX

418 408 ae8

Binding Energy (eV)

Figure 6. Comparison of N(1s) XPS Spectra
From Control, Pyrolyzed, and Water Wash
Solution Residue, HMX Samples




Recent studies of the degradation of RDX
under soft x-ray irradiation in the XPS
instrument have provided new insights into
the initial reactions of nitramines. Slow
radiation degradation by the XPS x-ray source
is a controllable method for damaging a
material while continuously monitoring its
chemistry. Data collected at room tempera-
ture demonstrate the slow development of the
same nitroso and triazine products as in the
shock, impact, and pyrolyzed samples. By
cooling the RDX to -50°C during irradiation,
additional products are observed. Shown in
Figure 7 are the N(1s) peak positions from low
and room temperature x-ray damaged RDX
samples, compared with standards, The
detection of the nitrite ester is a new discovery
that suggests several reaction steps in the
initial decomposition of nitramines. Upon
warming, the nitrite ester and some nitroso
and triazine-like nitrogen XPS peak intensity
is lost, demonstrating the intermediate role of
these products under combustion or explosion
conditions,

High Rate Shear. Most of the reaction
was observed on the surface that was created
by the plug and was found not to penetrate the

LOW TEMPERATURE X-RAY DAMAGED NDX

AN A

bulk explosive. In Composition B, surface loss
of TNT was evident; however, where Compo-
sition B was impacted with a steel plate, it
caused preferential decomposition of RDX,
giving triazine-like products, as discussed
above,

Ammonium Perchlorate

Studies of the initial reactions of AP in
response to shock have recently begun in our
laboratory. The application of XPS to the
study of AP has great advantage due to the
large shift in binding energy between all of
the oxychloride anions, (C10y", x = 0 - 4).
Previously reported results demonstrated the
effect of impact on AP,! tentatively identi-
fying the products as chlorite, hypochlorite,
and chloride. Compilation of reference spectra
from the alkali salt of each oxychloride avail-
able provided support to definitively identify
the decomposition products. These C1(2p)
XPS spectra clearly demonstrate the shift
between each cf the oxychloride anions, Using
the standard spectra for comparison, the
product peaks developed are attributed to
hypochlorite, and chloride. Figure 8 shows the
C1(2p) XPS binding energy position from

A

A

ROOM TEMPERATURE X-RAY DAMAGED RDX

A |

| Standards
404.9 oV

A-0-NO

A

I
} /\ /\
I

> N-NO, 298.8 oV 3004 oV
| TRIAZINE  MELAMINE

AN

TRINITROSO RDX

|
|
A

A\

CONTROL RDX

l/\t . .

+
408 404

402 400 I

Binding Energy (eV)
Figure 7. XPS N(1s) Peak Position s of the Products Formed by X-ray Radiation Damaged in RDX

Compared With Standards
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IMPACTED AMMONIUM PERCHLORATX
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BINDING ENERQY (oV)

Figure 8, Composite Figure Demonstrating the
Cl2p) Binding Energy Positions of Four
Oxychloride Anion Salls Superposed on a
Spectrum from Impacted AP

perchlorate, chlorate, chlorite, and chloride
chemical states of chlorine compared with a
spectrum from impacted AP, The observation
of the hypo-chlorite product is very confusing
us this compound is not known, At this time,
we do not offer a mechanism for the formation
or stabilization of this material. If the hypo-
chlorite is indeed the major product, its
ingtability is of greut concern with regard for
the sufety of damaged AP,

Data currontly in hand demonstrate that
the hypochlorite product formation is greatly
reduced in the caso of high temperature
decomposition of AP. This result supports the
notion of instability of the hypochlorite salt
while indicating chloride as the favored high
temperature product.

DISCUSSION

The results presented for the response
of TATB to shock or impact demonstrate that
the reaction begins at microscopic sites.
Observation of these initial reaction sites is
highly encouraging for the application of
similar experiments to other energetic

molecules. The size of these sites ranges from
tenths to iens of microns, agreeing with the
suggestion of Bowden and Yoffe.! "The
location of the reaction centers at tho exterior
of the crystalline planes of shocked TATB
suggosts that the accumulation of erystalline
defects involving dislocations and molecular
disruptions at the plane edges may lead to the
initiation of reaction. Impact initiation favors
interparticle friction developed as the
material rapidly flows away from the high
pressure of the striker,

The size of the reaction sites and the
extont of decomposition have been found to be
governcd by the nature of the stimulus, For
example, more extensive decomposition is
observed when the effects of impact are
augmented by friction from added particles of
sund, Kxtensive damage to the planes
themselves was also evident, indicating that
the shock induced compression and friction
were concentraled at the exposed crystal
planes of the particle,

Furoxans and furazans have been
identified as the product species that develop
around the reuction site. Furoxans are the
result of the first endothermic step and
furazuns are created by the exothermic release
of a water molecule from TATB, providing
energy to propagate the reaction, The trend
indicated by our data is that the furoxan
product is always present at low con-
contrations. 'The concentration of the furazan,
however, increases as damage becomes more
gevere. 'The furoxan product, therefore,
appuars «w be an intermediate which reacts
further to produce furazan, It is suggested
that furoxan actually promotes the formation
of furazan by reaction with TATB to form
furazan and another molecule of furoxan. The
reaction steps could be summarized as:

-Hy
1. TATB — Furoxan

-H0
2. "'ATB + Furoxan — Furoxan + Furazan

The result of such a reaction schemeo would be
the consumption of TATB with the formation
of the stable partial decomposition product
furazan, Furoxan concentration levels would




remain small and essentially constant until
all TATB is reacted.

Furoxans are far more sensitive than
TATB huvmg a drop height comparable to
that of TNT.® (Amino dinitrofuroxan has a
drop weight impact sensitivity of 56 cm; TN'I
sensitivity is 54 cm, compared to 185 e¢m for
TATB.) The presence of fluroxan compounds in
a quenched hot spot creates a site for sensiti-
zation of the TATB, due to its inherent
gensitivity and physical proximity to the
defect site. We have chosen to refer to such
sites as “sensitization centers, !0

For the first time, condensed phase
partial decomposition products from the
nitramines HMX and RDX have been
detected, The predominant products ebserved
in the N(1s) XPS spectrum from underwater
shocked HMX were a nitroso compound and
triazine compound. Nitroso compounds are
well-known products in the decomposition of
nitramines,!! and are stable under typical
ambient conditions. Triazine is known to be
highly susceptible to hydrolysis, The observed
\riazine-like product, however, is water stable
as indicated by its recovery from water
golution. The stability of the product molecule
to water indicatos that the triazine nitrogen iu
somchow stabilized. Certainly the product
molecule has enhunced water solubility rela-
tive to HMX us indicated by the relative
concentration of the products observed by XPS
from the water solution residue,

Unlike the resulty from the shocked
TA'TRB, shocked HMX doos not show the
existence of reaction centers. Probably the
unique layered structure of TATB fucilituted
the observation of new produets. Changoes of
the pressod HHMX powdor did occur; however,
these wore limited Lo the removal of included
porosity left from pressing, Transformation of
the HMX from JJ to 8 phuse has been found to
oceur readily in the presence of RDX.S The
IIMX pressed into pellets for the beam
experiments was ol a production grade and
therefore contained traces of RDX which
would favor the f§ —= 8 transformation.

The low temperature radiation damage
of RDX has detocted for the first time the
presence of a nitrite ester intermediate. The
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anticipated mechanism for the formation of
this intermediate is by the rearrangement of
the -N-NOg to -N-O-NO. Quantum chemical
calculations of this rearrangement have shown
it to be a lower energy pathway in the decom-
position of nitromethane.!? Evidence for the
oxistence of this intermediate was first
observed by Wodtke et al. in molecular beam
experiments, again with nitromethane, !3 13 Loss
of the nitrite ester upon warming the damaged
sample to room temperature is not a surprise
bused on the bond energies and free energies
of reaction involved. Nitrite ester would
decompose via -N-O-NO = >N-O + NO. The
surprising result observed from warming the
low temperature damaged sample to room
temperature was the loss of significant
intensity from the peaks atiributed to nitroso
und trinzine nitrogen chemistries. Further
wurming of damaged nitramine, as in the case
of the pyrolyzed HMX, produced a sample
demonstrating the presence of little if' any
nitroso, These results provide very interest-
ing information ubout the solid stute roactions
and relative stability of partial decomposition
products that occur during the evolution of
gaseous produets (i.e., NO).

It has been a general observation for the
materials studied to date that under all forms
of stimulation the sume products appeared no
muatter what the extent of decomposition
observed. Therefore, the same reactions are in
play during the onset of decomposition as at
the exhaustion of the parent material, Tho
condensed phuse products observed then are
truly stuble intermediates representing early
stages of the decomposition mechanism. Our
mothod of examination has the advantuge of
observing such produets, in that those mole-
cules that completely decompose lead to the
formation of small gaseous products which
cannot be seen by XPS, (unless somehow
trapped in the lattice).

An important question concerning the
offucts of different stimuli on materials is how
do the products formed compare with those
from slow thermal decomposition. Our
rosulty, so far, indicate that the principal
products are similar to those of thermal
decomposition, although minor reaction
products are not observed. This is not




surprising, because the amount of decomposi-
tion seen is not very large and so to date only
the principal products have been identified,

SUMMARY

The damage inflicted by various stim-
uli on energetic materials manifests itself
in chemical and physical changes. The
physical changes are dependent upon the
physical properties of the materials them-
selves, (i.e., melting point, crystallinity),
Chemical changes are always toward a more
reduced product molecule, reflecting the red-
ox nature of the reactions involved in
energetic materials consumption, Typically,
at least one of the partial decomposition
products is more sensitive than the parent
molecule, Clear examples can be listed from
the materials discussed above: furoxans from
TATB, nitrite esters in nitramines, and hypo-
chlorite in AP, The observed decrease in
stability of these products may stem solely
from their chemistry or be aggravated by the
physical structure in which they are produced,
(e.g., holes at the plane edges of TATB),
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DISCUSSION

PER-ANDERS PERSSON
CETR/New Mexico Tech
Socorro, NM

Where on the samples were these
electron micrographs taken?

REPLY BY BRUCE C. BEARD

SEM micrographs are shown for both
impacted and shocked TATB. The material
used for the micrographs were recovered from
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the damaged sample. Mounting was
performed by sprinkling the material onto a
Duco cement covered microscope stub., There
was no attempt to maintain any account of the
position of specific particles; the samples were
powders that were completely randomized
during recovery. The mounted particles were
decorated with gold at a very slow rate to
eliminate any possible heating effects. Areas
of imaging were chosen at random; however,
the greatest effect of the shock or impact
appeared at the edges of crystallographic
planes,



HOT SPOT FORMATION IN A COLLAPSING VOID
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In this work a hollow-sphere configuration is used in modeling the
dynamics of hot spot formation in porous, condensed-phase, reactive
materials., In addition to treating the: mechanics of pore motion,
thermal processes such as viscoplastic heating, finite-rate chemical
effects, and heat exchange between the pore gas and surrounding
material are evaluated, The analysis considers chemical decompos:-
tion at the pore interface and in the gas phase. Two proposed reaction
mechanisms are used to investigate the role of gas-phase chemistry on
hot spot growth in RDX. In preliminary calculations, the gas-phase
chemistry is modeled using a finite-rate, single-step process. Following
a discussion of the preliminary results, the simple gas-phase chemistry
is replaced with a more detailed reaction scheme involving 167
elementary reactions and 43 chemical species. Both studies incorporate
a real gas version of the CHEMKIN chemical kinetics package to
assemble the gas-phase thermodyramic properties and chemical

production rales.

INTRODUCTION

The work discussed here addresses the
issue of hot spot initiation in porous, energetic
matorials. Carroll and Holt’s original pore
collapse formulation!*# is extended in this
work to model the dynamic behavior of a
hollow sphere subjected to an externally
applied hydrostatic atress. The hollow sphere
mode) is usged to simulate a void present in a
fleld of condensed-phase, reactive material. In
addition to treating pore dynamics, the hot
spot model includes energy balances for the
pore gus and surrounding material. Impor-
tant thermal processes such as viscoplastic
heating, finite-rate chemical effects, and heat
exchange between the pore gas and sur-
rounding material are cvaluated.
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In brief, the dynamic pore collapse
analysis described in Reference 1 is extended
in the present study to include condensed-
phase material viscosity and pore gas pressure
in the integrated form of the radial
momentum equation, In addition, first law
analyses for the condensed-phase material
and pore gas are introduced in order to track
temporal variations of interface and gas
temperatures. Material decomposition at the
pore interface is also considered, whereby a
portion of the condensed-phase material reacts
exothermically at the interface, and the
remainder of mass flux into the pore is
through equilibrium vaporization. In some
inastances, gaseous species generated at the
interface further contribute to the net energy




release by undergoing exothermic, gas-phase
reactions.

A principal objective of this work is to
study the role of gas-phase chemistry on hot
spot formation, Two different gas-phase reac-
tion mechanisms are investigated here, Inthe
preliminary caleulations performed in Part I,
the gas-phase chemistry is modeled using a
finite-rate, single-step process.® n Part 11, the
simple gas-phase chemistry is replaced with a
more detailed reaction scheme® involving 167
clementary reactions and 43 chemical species,
Both Parts 1 and 1! incorporate a real gas
version of the CHEMKIN chemical kinetics
package’ ' to assemble the gas-phase thermo-
dynamic properties and chemical production
rates,

HOT SPOT MODEL

Figure 1 shows a hollow sphere of
condensed-phase, energetic material, This
simple configuration is used to model the
dynamic and thermodynumic interactions
between a material void and its iinmediate
surroundings when a constant hydrostatic
stress, Py, is axerted on the system. The pore
has an initial radius, a,, and contains a
nonreactive gas mixture at initial pressure,
Pgo, and temperature, Ty,. Initially, the
incompressible solid material surrounding the

Figure 1. Ilustration of Hollow-Sphere
Configuration Used to Model Hot Spot
Formation in Porous, Energetic Material
(RDX)

void has uniform temperature and is in ther-
mal equilibrium with the pore yas (Tyy = Tyq).

The initial external radius of the sphere
b, together with a, prescribe the initial sphere
porosity:

\Y
S U 3. 1
b, vm-’_vw a /b, (1)

In Equation (1), Vg, represents the initial pore
volume and V,, is the volume occupled by the
solid, Following the earlier work of Carroll et
al.,!3 the initial pore radius and sphere poros-
ity are laken to be descriptive of the average
pore size and porosity of a much larger
material sample.

Although the hollow-sphere hot opot
formulation treats just one pore and its imme-
diate surroundings, it can easily be extended
to analyze pore-pore interactions in a matrix
of pores, In the latter configuration, the
quantity 2(b,-a,) represents the approximate
distance between adjacent pores when the
material is in the relaxed state,

GOVERNING EQUATIONS
Pore Radial Motion

Formulation of the governing equations
for this model begins with an expression for
conservation of radial momentum for the one-
dimensional pore geometry shown in Figure 1,
Here it is assumed the gas-phase thermo-
dynamic properties are time-varying and
spatially uniform within the pore. 1t is further
assumed the solid density, p,, and material
viscosity, y,, are constant. Under these con-
ditions, the radial motion of a spherically
symmetric pore in an incompressible, viscous
medium with internal pore pressure can be
expressed as:!

8 .2, _ a
p,a8C, + 7Pl C,= =P - 4pu;(l—¢) (2)

where
P, = Po- Py + sign(a)fy, (3a)
Ci=1- ¢l/3' (3b)




and

- 4-9)\ 1
C,—l-(-g—)0 . (3¢)
The porosity-depondent variables, Cy und Cg,
appearing in Equation (2) reault from the
finite~-volume assumption (b, = ©, ¢, = 0).
For the ideal configuration of a pore in an
infinite medium (b, = »,$, = 0),C1 =C3 =1
and Equation (2) reduces to a form of the
Rayleigh bubble equation.?

In the equation of motion, (Equation (2)),
the term Py, represents the hydrostatic stress
applied at the external radius of the sphere
(r = b), Pg is the instantancous gas pressure
in the pore, and B, is the diviatoric component
of stress. For the conditions considered in this
work, B, is expressed for a material under-
going plastic deformation! with a yleld atress
Y:

B, = aYln(llcp). 4)

The contribution B, has on interface
motion depends on its magnitude and the sign
of &, For example, during pore collapse P can
be considered an inward driving potential that
is resisted by the combination of stresses Py +
Bs. Under conditions of pore expansion, how-
ever, Py acts as an outward driving potential
and Py and B, resist the motion.

Energy - Condensed Phase

An important aspect of this modeling
effort is the treatment of transport phenomena
at the pore/solid interface. In order to properly
address these issues, the thermal field in the
solid material must be examined. More
specifically, an evaluation of the temporal
variation of interface temperature is required.

In general, an expression for energy con-
servation in the solid material surrounding
the pore can be written as:

DT, a1 2 |6 i’
Dt r ot p.C. Hy 8
lala?
Y—a- (6

r

908

The three terms on the right-hand side of the
equation represent energy contributions due
to heat conduction in the radial direction,
viscous dissipation, and plastic work, respec-
tively. It is apparent from the form of Equa-
tion (5) that both the viscous and plastic work
contributions to condensed-phase heating
decay rapidly for r > a. In addition, it should
be noted the plastic work term in the energy
equation is written here with the absolute
value of interface velocity |a] in order to model
plastic work during pore colle.pse (4 > 0) and
expansion (4 < 0).

Rather than solve the complete thermal
field over the domain a < r = b, an
approximate solution for the inte¢rface
temperature, T;, can be developed by applying
an integral approximation to the energy
balance. This technique simplifies the
problem at hand by reducing the energy
equation from its partial differential equation
form, to an ordinary differential equation for
Ti. Correctly tracking the interface temper-
ature is important to this modeling effort since
T governs the transport of mass and energy
across the pore boundary.

Consistent with the classical integral
approximation method for a hollow sphere
with time-varying heat flux at r = g, the
following functional form of the thermal
profile in the solid phase is assumed:

, 2a1Q ( (r-a)“‘)
'I‘.(r,t)—'l‘m P -Tyt+ = Caa expl - ot
2atQ ( r’-a’)
- 48 oxp| ~Cy 4at /' (®)

Equation (8) is a reasonable candidate
for the thermal profile since it exhibits the
exponential-type behavior that is
characteristic of many spherical conduction
solutions.!® Also, Equation (6) satisfies the
proper initial and boundary conditions: 1'(r,0)
= Ty, fora < r s o; T'(a,t) = T and T/ar (a,t)
= Q, fort >0; T(w,t) = Ty and dT/dr (w,t) = 0
for t > 0. The term Cj is a pure constant that
is included in the thermal profile (6) to correct
for the time-varying heat flux at r = a.




Given the differential form of the energy
balance (5) and an assumed form of the
thermal profile (8), a differential expression
for T; can be developed by performing
Leibnitz's rule,

I r2(t)
— (r,t)dr
dt /o K0 f

Fglt) of ( clr‘2 dl‘1 )
= 9 — —_— )]
le dr + f(l‘a,t) m f(rl.t) ok
with

flrt) = r(Ty(r,t) - Tw) . (8)

The integration in Equation (7) is
evaluated over the limits ry = atory = b, In
practice, the upper limit (rg = b) can be
replaced with rg = o gince the thermal layer
diffusing into the solid from the pore interface
typically has a thickness much less than b,
The physical significance of this substitution
is that the hot spots are thermally isolated
from their nearest neighbors during the
preheat period,

Interface Boundary Conditions

The energy boundary condition at the
solid/gus interface is given us:

ar _ .
-k ( - )r-u =4, - . (9

In Equation (9) the term qy represents the
effective heat exchange with the pore gas:

k
= & 4 _md
q n(T ']‘)+ego('l‘g Ti)' (10)

Also appearing in Equation (9) is the product
of effective heat release, q,, and the surface
mass flux, th,. The term q, combines thermal
contributions from two processes, exotheru.ic
surface reaction, q., and the latent heat of
phase change, L. Tho effactive heat release is:

gy = LG-(1-G)q, . (11)

In Equation (11), the quantity G repre-
sents the mass flux fraction of energetic
material entering the vapor phase from the
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condensed phase.® Consequently, the quantity
(1-G) is the mass flux fraction that reacts
exothermically at the surface to produce
product gases. A value of G = 0 implies
complete condensed-phase decomposition,
whereas, G = 1 implies complete vaporization
at the surface. In a study on nitramino
deflagration waves, Mitani and Williams®
report G =~ 0,70 for HMX (C(HgNgOg) over the
range 0.01 < Pg(MPa) < 100, Melius® has
indicated that G =~ (.90 is more characteristic
of RDX (C3gHgNgOg) deflagration waves.

An approximation to the instantaneous
maess flux at r = a is obtained through an acti-
vation energy asymptotic solution for steady
state deflagration waves.® The resulting
expression used in this model is:

. j AT, a'ri} A expl ~E /RT,)
s 4,8 [8(1=Q) + (1-8)n(1/3))

+(12)

In Equation (12), the term & represents a
nondimensional heat release in the condensed
phase:

T
s=q,/ L'C.d'l‘ . (18)

o

In both Parts I and 11 of this work, it is
assumed the condensed-phase nitramine
surface reaction is irreversible and produces
four product species (CH20, NOg, N30, and
Ng). For decomposition of condensed-phase
RDX (RDX,.), the chemically balanced
reaction is thus:

3
RDX =3CH,0 + NO, + N,O + ENz . (14)

Equation (14) has a heat release of Q, =
360 cal/gm (1,561 MJ/kg) a reaction rate pre-
exponent of Ay = 5 x 10! 31, and activation
energy of E; = 46.1 kcal/mole (193 MJ/mole).

Continuity - Gas Phase

As stated previously, the gas mixture
contained within the pore is assumed to have
time-varying, but gpatially uniform thermo-
dynamic properties. Thus, the time rate of




change of gas density for the spherical void
with surface mass flux and nonconstant vol-
ume is:

d Spa S8m
i S wtin ) (18)
dt a a

The first term on the right hand side of
Equation (18) treats density variations due to
pore volume changes, whereas the second
term reflects the increase in gas density due to
surface mass flux,

Energy - Gas Phase

From classical thermodynamics, the
energy balance for a spatially uniform
reactive gas mixture takes the form:

d'I"

V8 dt

3,

-~ 8 .
PC = '2‘“&“’&"‘ ;P,a'*' 29

3
-
a

th, 2, Yy (T) - “k(T.)}] - (18

Bquation (18) is written specifically for
a spherical system with nonconstant vol-
ume and energy/mass flux at the surface.
Under the same constraints, species conserva-
tion within the spherical pore ylelds the
equation:

dyY, 3.
Pedr = W o, + ;mnk(Yh -Y,).
In Equations (168) and (17), Wy is
molecular weight and wy is the molar
production rate of the k-th species in tho gas.
Also, Yy, represents the mass fraction of
the k-th species created at the interface;

(17

Yig = mhyy /i, (18)

Equation Of State

For both Parts I and Il of this work a
constant-covolume equation of state® was
used:

RT
p=..fL_!...

¢  T—np (19)
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In the limit of low gas density, Equation (19)
approaches perfect gas behavior, whereas at
highly compressed states the covolume
currection term (1 - npg) corrects for nonideal
thermodynamic states.

GAS-PHASE KINETICS

Pari | - Single Reaction

In Part I of this work, it is assumed
the nitramine present in the vapor phase
(RDXg) undergoes a single, finite-rate, gas-
phase reaction. The product gas is assumed
to have the same composition as the final
product of a constant-volume explosion of
RDX; (i.e., major species: N3, CO, COg, Hy,
Hq0, H, OH, O, O3, NO). Algo, the gas-
phase reaction for Part I proceeds irrevers-
ibly and has a molar production rate given
by:

1

W, PeAexp(—EJRT) . (20)

Oppx-g =

The coefficients (i.e,, Ag, Eg, n) appearing in
Equation (20) are based on estimates
developed in a previous study of steady-state
nitramine deflagration at pressures up to
100 MPa.5

PartII- Multiple Reactions

For Part I1 of this work, the
decomposition of gas-phase RDX is modeled
using a set of 167 elementarg reactions
involving 48 chemical species.®” Table 1
presents a list of the gaseous species
considered in this work, including inter-
mediate species. Some of the CHNO species
appearing in Table 1 are given abbreviations
in parentheses. For example, RDXR
represents CgHgNgOy, the radical formed
when a nitro group is removed from RDX,

The decomposition of RDX,; was modeled
by Equation (14). This is the same as the
condensed-phase reaction law used in Part 1.
However, in Part Il the four species produced
by the surface reaction (CH30, N3O, NO3, Ng)
were allowed to react with other species
present in the pore.




Table 1. List of Species: Partll

CgHgNgOg(RDX) H COg HgCNH
C3HgN504(RDXR) o Co HaCNO
C3sHgN504(RDXRO) N HCNO HgCNNOy
C3HgNgOs(MRDX) H0 HOCN HgCNCHj4
C3HgNsO3(MRDXR) OH NNH HgCNNO
CsHyNgO4(RDXH) HOq CNO HeCN
CsHqN(Oa(RDXHR) NOg N30 C3Ng
CH20 NO HNO HONO
Hj NH NHj NHg
Oq CN HCN HCO
Nj NCO HNCO
RESULTS Table 2. Input Parameters for RDX
Part1- Single Reaction Variable [units) Value
Input parameters and initial conditions 3
for a series of test cases are presented in palkg/m’] 1806
Table 2. In all cases, the ¢energetic material Tao = Ta = TyolK] 300
surrounding the pore was the nitramine P, [MPa] 0.10
explosive RDX, Two initial porosities (0.05, £
0.10) and a range of applied external a{pm] 5.0
stresses were examined. The applied stress at do[m/n) 0
r = b was a constant with P = P, for all time, 1.0
For consistency with the results presented | .
in Part II, the chemical kinetics FORTRAN Cs 100
package CHEMKIN"® was used to assemble Uil poise) 500
the thermodynamic properties and molar : g
production rates of all gaseous species. Adv’) 5x10
Figures 2-5 show some of the trends E,[MJ/mole] 193
predicted by the version of the hot spot model A .(,-l] 34785
that incorporates simple gas-phase kinetics
(Part I). Here, the applied ltl‘gli is 300 MPa Eg{MJ/mole] 136
and the lnithlal porosity is 0.08. Dur}ilng the a 0.90
time interval 0 < t (us) < 0.34, the pore
collapses from the initial radius of a, = 6 pym Y(MPa) 110
to @ minimum value of a = 4.5 pm (see L{MJ/kg) 0.392
Figure 2). Pore collapse (& < 0) occurs during B
this period since the total resistive stress kl[Wlm k] 0.0833
(Pg+B,) is less than the external hydrostatic kg {W/m-k] 0.2098
stress P, qdMJ/kg] 1.51
As the pore collapses, several different n 1.22
heating mechanisms contribute to an Tk 0.001
increase in interface surface temperature T, nim~/kg] !
(see Figure 4). An examination of the Culd/kg-K] 1485
individual terms in Equation {5) indicates the b 0.10. 0.05
primary source of surface heating during pore 2 .
collapse is from plastic work. Since this Po[MPa] 200 - 800
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Figure 2. Pore Radius Profile for Part I, Po =
300 MPa and ¢, = 0.05. Initial pore collapse
is followed by a brief induction period at mini-
mum volume state and eventual pore explosion.
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Figure3. Gas Pressure Profile for Part I, Py, =
300 MPa and ¢, = 0.05. Initial increase in Py
is primarily due to gas compression. Rapid
increase in Py after delay is associated with
pore explosion.

contributes through the yleld term in the
energy equation (i.e., Y |a| a?/r%), the heating
rate decays rapidly (~1/r¥) for radii much
greater than r = a. Thus, the heating due to
plastic work is effectively confined to the pore
surface and adjacent material, Compared
with the yield term in the energy equation,
the viscous work contribution is very small
(yleld term: viscous term ~3.8). Bimiiar to
plastic work, the viscous contribution to
heating also decays rapidly for r > a.

The presence of mass transfer at the
gas/solid interface is apparent from the ther-
modynamic profiles displayed in Figures 3 - 5.
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Figure 4. Temperature Proflles for Part I, Pn

= 300 MPa and ¢, = 0.05. Runaway gas-
phase reaction occurs at t =~ 0.38 us.
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Figure5. Fuel Mass Fraction Profile for Part I,
Py = 300 MPa and ¢, = 0.05. Initial
produciion of RDXg is from decomposition at
pore interface. Rapid decrease in Y at t =~
0.38 ps is from runaway gas-phase reaction.

The reaction model used in both Paris I and 11
assumes the gases evolving from the surface
are composed of 90 percent unreacted nitra-
mine vapor (RDXg) and 10 percent reaction
products (3CHg0 + NOg + NaO + (3/2)Ng).
The 90 percent of mass flux undergoing phase
change from RDX, to RDX, requires energy
(latent heat). The remainfng 10 percont of
manss flux that reacts from RDX, to gaseous
products releases heat at the surface.

Since the net surface mass flux is
dependent on interface temperature, Ty, the
rate of gas production increases steadily over
the pore collapse time frame (t < 0.34 ps).
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Figure 5 shows a steadily increasing mass
fraction of unreacted RDXg in the pore prior to
t = 0.34 ps. Also, T; > Ty during most of this
time frame and heat transfor occurs from the
solid interface to the pore gas. The pore gas
pressure increases during this time as a result
of two different processes, pore volume
decrease and mass flux into the pore.

By t = 0.34 ps the gas temperature has
increased to approximately Ty = 1500 K and a
reaction initiates in the gas phase. Over the
next 0.04 us, T, steadily increases from 1500
K to approximately 2000 K and the gas-phase
composition changes from 90 percent
unreacted vapors and 10 percent products, to
almost 100 percent products. Because of the
magnitude of T}, the rate of nitramine vapors
being produced at the pore surface is very
high, During this gas-phase thermal
induction period Ty > T; and the flow of heat
is from gas to solid.

While the system is at rest in the state of
minimum pore volume, P, must overcome the
total resistive pressure (f, + Pu) in order to
initiate motion in the outward direction, Over
the time interval 0.34 < t (us) < 0.38 the pore
pressure increases, but & = 0 since Py < f, +
Py, At approximately t = 0.38 s, Py exceeds
the resistive pressures and pore expansion
takes place (a > 0). Due to the high rate of
increase in pore pressure, pore expansion is
very rapid (see Figure 2).

This example is characteristic of a situa-
tion where the applied pressure is large
enough to result in pore collapse, decomposi-
tion of the energetic material, and rapid pore
explosion. However, not all casos result in the
type of behavior exemplified in Figures 2 - 8,
The pore dynamics and thermodynamics
predicted by this model depend, of course, on
the initial conditions &and material properties.
To examine the influence of initial conditions
on hot spot formation, a parametric study was
made on the effecis of P, and ¢, on maxi-
mum pore pressure. Figure 6 highlights the
results of this study.

For a given initial pore configuration,
there are two characteristic states of hot spot
formation.. The firet state is identified in Fig-
ure 8 as the point of first ignition and the
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Figure 8. Maximum Pore Pressures for Several
Porosities and Range of Applied Stresses

corresponding applied stress is referred to as
Pye. For cases where the applied stress is less
than Pys, the pore generally undergoes a slow
rate of collapse and exhibits minimal heating
at the interface, The increase in T; is not
enough to initiate significant surface decom-
position and gas-phase reaction.

For applied pressures in the range Py» <
Pe < Pge, Interface heating is sufficient to
cause some gas-phase decomposition, but the
rate of gas production is insufficient to result
in pore explosion, In brief, energy is being
conducted away from the interface faster
than it is accumulating in the pore. When the
applied stress exceeds Pae the rate of energy
accumulation in the pore far exceeds the rate
at which it is transported away and the result
is pore explosion. Figure 7 shows the thresh-
old of explosion (Pg+) for a range of initial

pororities,
400
g 00 [ PORE EXPLOSION
200 .- N-".‘
& [ NO PORE EXPLOSION
o of
o [ " " 3 " 8 a2 A 1 A A Aeimind
V.00 0.08 0.10 0.18
POROSITY

Figure 7. Critical Applied Stress Pg+ for
Range of Material Porosities (a, = 5 um)




Part II - Multiple Reactions

The single gas-phase reaction used in
Part I of this work was replaced in Part II with
the lengthy set of elementary reactions
discussed previously., Input parameters and
initial conditions for Part II were the same as
those cited for the previous cases (Table 2).
For comparison with the result shown in
Figures 2 - 5, the applied stress and initial
porosity for this case were again, P = 300
MPa and ¢, = 0.05.

Figure 8 shows the pore pressure profile.
Similar to the pressure history shown in
Figure 3, there is a slow initial increase in
pressure followed by a rapid increase at
approximately t = 0,40 us. Unlike Figure 8,
however, Figure 8 displays a second distinct
increase in pressure after a short delay time.
The pore gas temperatura profile shown in
Figure 9 reflects this same behavior. Selected
species profiles help axplain the observed two-
tier pressure and temperature profiles (see
Figures 10- 14),

During the initial pore collapse and
interface heating phase (t < 0.40 us), the
gaseous species RDX,, CH30, NOg, N3O, and
Ng are produced at the pore surface. Because
90 percent of the maas flux into the gas phase
is unreacted RDXg, the net exothermicity and
rate of Ty increase are very low. During this
period, the event is essentially identical to the
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Figure 8. Gas Pressure Profile for Part II, P»
= 800 MPa and ), = 0.05. Multiple gas-
phase reactions are evaluated (compare with
Figure3).
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Figure 9. Temperature profiles for Part II, Py
= 300 MPu and ¢, = 0.05 (compare with
Figure4)
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Figure 10. NOg, N3, and NO Species Profiles
for Part I, Py = 300 MPa and ¢, = 0.05
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Figure 11. HgO and Hg Species Profiles for
PartIl, Py == 300 MPa and ¢, = 0.05
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Figure 12. COg and CO Species Profiles for
PartII, Py = 300 MPa and ¢, = 0.05
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Figure 13. HCN and HONO Species Profiles
for Partll, Py = 300 MPa and ¢, = 0.05
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Profiles for Part I'I Pe = 300 MPa and ¢, =
0.05
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case examined in Part I (Figures 2 - §). Once
the gas temperature increases after the first
delay period, RDX, and the other species react
to form addiﬁomf intermediate apecies such
as HONO, HCN, NO, HgO, ete. Recall in
Part I, the react.ion went directly from RDX
to ﬂnal products. The delay time anociate!
with the first energy release is not a true
“thermal induction time” since a portion of the
gas heating is from other mechanisms (e.g.,
compression, ete.) besides self-heating.

Following a second induction time delay,
the intermediate species further react causing
the second-tier incroases in Ty and Py, The
gaseous chemical composition aﬂ.er t.he lecond
energy release is similar to the equilibrium
composition for a constant-volume explosion
process involving RDX,. Table 8 compares the
mole fractions of mljor species predicted by
the pore collapse mode! with the composition
predicted by an equilibrium calculation for
constant-volume explosion,

Table 3. Listof Species at Final State

Mole Fractions
Species
(Partial List) | Hot-Spot Equilibrium
(Final State) | Calculation
Ng 0.313 0.309
co 0.283 0.255
H30 0.212 0.188
Hy 0.087 0.093
COq 0.087 0.080
OH 0.027 0.038
NO 0.018 0.012
H 0.013 0.034
Oq 0.002 0.008
0 0.002 0.008
NOq 0.000 0.000
N30 0.000 0.000
CH30 0.000 0.000
HONO 0.000 0.000




SUMMARY

Under certain initial conditions, the
model presented here predicts a well-defined
sequence of events leading to hot spot
formation in porous, energetic materials.
After a constant hydrostatic stress, P, is
applied to the porous material, a time-
dependent pore collapse commences. Heat
generation due to plastic work and exothermic
reaction, and heat transfer at the solid/gas
interface, result in an increasing interface
tomperature. As the interface temperature
increases, thermal diffusion within tho solid
phase generates a growing thermal layer that
extends into the solid from the pore interface.
Nitramine vapors produced at the pore
interface react in the gas phase while
simultaneously being compressed by the
collapsing pore. Both mechanisms contribute
to an increase in pore gas pressure and under
certain conditions, the pore pressure
overcomes the inertia of the collapsing solid
and the pore explodes rapidly outward.

Two different gas-phase reaction
mechanisms were investigated in this work,
In the preliminary calculations performed in
Part I, the gas-phase decomposition was
modeled as a finite rate, single-step procass.
In Part II, o more detailed reaction acheme
involving 167 elementury reactions and 43
chemical species was incorporated into the hot
spot model. Although the overall trends were
similar for both parts, the multiple gas-phase
reactions treated in Part II demonstrated a
two-tier induction stage prior to pore
explosion. This was a direct result of the
production and ultimate destruction of
intermediate species in the nore gas mixture.
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Your model assumptions include spheri-
cal symmetry that may not be realistic at some
shock strangtns. Over what shock pressure
range do you think this would be appropriate?

REPLY BY P. B. BUTLER

It is difficult to identify the shock
strength at which the pore no longer exhibits
spherical symmetry since it derends on many
factors, including the matarial properties of




the condensed phase. This value would then
have to be compared to the minimum shock
strength required for ignition, If it exceeds
the minimum ignition criterion, the spherical
symmetry assumption is valid since ignition
would oceur prior to pore deformation,

DISCUSSION

DENNIS HAYES
Sandia National Laboratories
Albuquerque, NM

A shock in a porous bed will broaden
until the rise time of the shock is approxi-
mately equal to the pore collapse time. Thus,
instead of a step function in pressure, each
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pore sees a ramp in pressure, terminating at
pore closure time. This kind of pressure
boundary history will greatly influence inner
wall motion and thus problem solution,

REPLY BY P. B. BUTLER

Our hot spot model is formulated such
that any P(t) profile can be specified as the
exterior (r=b) boundary condition. Finite rise
time shock waves are of interest, and we
intend to study this problem in the near
future. However, it should also be mentioned
there are circumstances where a condensed-
phase energetic material can experience a
very short rise time shock input.




BROAD BANDWIDTH STUDY OF THE TOPOGRAPHY OF THE
FRACTURE SURFACES OF EXPLOSIVES

M. Yvonne D. Lanzerotti and James J. Pinto
U.S. Army ARDEC
Picatinny Argenal, New Jersey 07808-5000

and

Allan Wolfe
Department of Physics
New York City Technical College
Brooklyn, New York 11021

The Z,X coordinates of the fracture surfaces of TNT and Composition B
have been measured with a stylus profilometer. The fracture surfaces
of the muterial under study are obtained by accelerating prepared
samples in an ultracentrifuge. When the tensile or shear strength is
exceeded, a fracture surfuce is obtained. Using diamond and sapphire
styli the topography of the fracture surface has been studied from a
wavelength of 1.0 micron to nearly 1.0 centimeter, The power spectru
have been calculated from the data using a prolate spheroidal data
window in the horizontal space domain prior to the employment of the
fast Fourier transform algorithm. The power spectra are found to
decrease with increasing spatiul frequency. Peaks ure observed in the
low frequency region of the TN'T power specira and indicate that much
of the fracture is occurring at grain boundaries. Peaks corresponding
o the RDX particle size are observed in the Compogition B power
spectra and indicate that the fracture is occurring between the RDX
and I'NT grainas,

INTRODUCTION

mechanicul properties of contucting surfaces,

In this work power spectral techniques
have been used to study the topography of
the fracture surfacoes of energetic materials.)4
The slopes of the log-log power spectra are
studled, and the slopes are used to deter-
mine if the surface topography can be
characterized by a fractul dimension. The
fractal dimension is a parameter describing
the scaling properties of surface topography.
That is, how topography or roughness varies
with surfuce dimension. The mechanical
properties of two surfaces in contact depend
strongly on the topography of the contacting
surfaces. Therefore, knowledge of the fractal
dimension is potentially important for deter-
mining the scaling of surface topography,
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and the understanding of mechanical sensi-
tivity tests including friction und impact.

Spectral analysis techniques are also
useful tools to understand the fundamental
physics of the fracture processes of energetic
matoriuls and to make quantitative compari-
sons between different materials. Since the
fractal dimension provides concise quantita-
tive descriptions of the fracture surfaces of
energotic matorials, it might be expected that
such descriptions will lead to improvements in
cast and composition, Such quantitative
descriptions are not presently available by
any other method. Improved knowledge of
encrgetic materials has resulted from this
approuch,




EXPERIMENT

A Beckman preparative ultracentrifuge
model 1.8-80 with au swinging bucket rotor
model SW 60 Ti is used to rotate the sample
under study up to 60,000 rpm, The distunce of
the specimen from the axis of rotation can be
choson as a variable betwoen 6 and 12 ¢m 89

Samples are prepared as follows,
Cylindrical polyerystalline plugs of explosive
are prepared by pouring about one-half gram
of the material into 9-mm internal diameter
(i.d)) polycarbonate tubes and allowing the
material to crystallize, The open-ended sum-
ple tube is then joined to a short, closed-end
polycarbonate centrifuge tube. Tho as-cast
surface of’ the explosive faces away from the
uxis of rotation, The sample experiences a
time rute of chunge of the acceleration up to a
maximum acceleration, The sample then
docelerates smoothly to zero aceoleration, The
initial maximum acceleration is less than the
fracture acceleration for the material. 'T'he
maximum acceleration for the sample is then
increused systematically in each succewsive
run, Particles break loose from the surface
oxposed Lo the acceleration and trunsfer to the
closed-end tube when the strength of the
material is exceeded, A hemispherical
fracture surface is formed.

The 7,X coordinates of the concave
fracture surfaces are measured with a stylus
profilometer. Two types of styli were used Lo
measure the 4,X coordinates. One stylus is a
diamond Lipped, 90° included angle truncated
pyramid with a 1.3-um edge in the direction of
motion. 'I'he other stylus is a sapphire ball
with 397 um radius. The Form Talysurf
instrument is capuble of recording profile
lengths from 6.5 mm to 120 em. The diamond
stylus height range is 4.0 mm with 10 nm
resolution. The sapphire stylus height runge
is 8.0 mm with 20 nm resolution. The largest
wavelength is the length of the profile. Tho
smaullest wavelength is twice the horizontal
measurement spacing corresponding Lo the
Nyquist cutofT l'rc.aqu(mcy.‘s In addition, the
finite dimenuion of the stylus imposes a cutoff
wavelength equal to the tip radius,'% 397 pm
for the supphire stylus. The truncated pyra-
mid diamond stylus cannot resolve a
wavelength shorter than twice the length of

fomanp
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the edge in the direction of motion, 2,8 um for
the diamond stylus.!!

RESULTS
II\N'I\

The sample of melt-cast TNT has been
found to fraclure at 41,000 g at 25°C.
Crystallites are visually seen to protrude from
the surface and range in size from
approximately 100 to 500 pm. The topography
of the fracture surface of TNT has been
studied from wavelengths of 1.0 ym to 8 mm
using a stylus profilometer,

An 8-mm surface hoight profile of one
trace across the fracture surface of TNT is
shown in Figure 1, The 4,X coordinates of this
profile have been meusured with the diamond
stylus at a horizontul spacing (mean sumpling
intorval) of 0.006 mm, The vertical
displacement is plotted as a function of
horizontal digplacement,

The spectrum analyses ure performed by
using a prolate spheroidal data window!®13 jn
the horizontal space domain prior to the
employment of a fast Fourier transform algo-
rithm to compute the power spectral density, !4
The prolate spheroidal window is used bocause
it is superior to more commonlg used windows
in analyses of short series.!® The spatial
power spectrum of the fracture surface profile
of the 'I'N'T' sumple of Figure 1 is shown in
I"igure 2, The power spectral density is
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Figure 1. Surfuce Height Profile of the
Fracture Surfuce of TN'T
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Figure 2. Spatial Power Spectrum of the
Fracture Surface Profile of TNT

plotted us u function of spatial frequency on u
log-log plot. The power speciral densily
docreases with increasing spatial frequency.
At low sputial frequencies the slope (dushed
line) of the spectrum is about -3. At high
spatial requencies the slope (solid line) of the
spectrum is about -4, The location of the
change in slope correspands approximately to
the smallest grain size observed in the
fracture surfuce (0.1 mm).

"The relationship of the spectral slo e, ,
to the fractal dimension, 1D, is given 81817 for
u profile by

8= —(5-2D)).

This iy the relationship used®!” to interpret
the power spcct.ru of a profile with a self uffine
fractal model.!8 'l‘he slope must lie in the
range -3 < 8 s -28 in order w yield inter
pretable results. Therefore, at low spuatial
Mrequencies the fractul dimension is found o
be about 1. At high spatial frequencirs, the
slope is ubout 4. For spectral slopes steeper
thun -3, the relationship between spm.tlul
slope and fructal dimension does not hold % In
this case, the dimension is exactly gqual to 1,
the topological dimension. Therefore, at
spatiul frequencies greater than Y mm'! the
fructure surfuce is non-fractul.  Apparently
these fracture surfuces are noi fractal at
wavelengths smaller than the grain size when
the profilometer stylus traverses smooth
crystal cleavage surfuces,
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Peaks are observed in the low frequency
region of the power spectrum and correspond
roughly to the size of the crystals in the
sample. These peaks indicate that much of the
fracture is occurring at crystal boundaries,
The power spectrul peaks are listed as a
function of spatial frequency in Table 1. The
power spectral peaks appear to be quasi-
periodic over the range measured,

The spatial power spectrum has also
been caleulated from the Z,X coordinates of an
independent fracture surface profile of TNT
measured with the sapphire stylus, Similar
results are obtained. The power spectral
density decreases with increasing spatial
frequency. At low spatial frequencies the
slope of the spectrum is about -3. At high
spatial frequencies the slope of the spectrum
is about -4. Again the change in slope
corresponds approximately to the smallest
grain size obsorved in the fracture surface,
Poaks are also observed in the low [requency
region of the power spectrum and correspond
Lo the size of the crystals in the sample. The
power spectral peaks in this power spectrum
are also listed as a function of spatial
frequency in Table 1. These spoctral peaks
also appear L be quasi-periodic. In addition,
many peuaks in both spuctra from the two
individual samples are at approximately
similar frequencies.

Peuks have ulso been observed in the
ourwr sgmctra of fracture profiles of
metals,'81%  The periodicities observed for
these peuks have been ascribed to a
fundamental fracture unit which has a
tricngular shape. '8

The root meun-square (rms) roughness,
R, has been caleulated for the fracture surfuce
profile of 'I'N'l' shown in Figure 1. The
roughness has been obtained from data
measured by the diaumond stylus. The
determination has also been made for thirty-
two separale subprofiles chosen ai random
from this profile, A straight line has been fit
Lo the points by the method of least squares.
The equation of the line is:

log R = (0.83 1 0.10)log L ~ (0.64 % 0.22),

where L, is the profile length, The best line
fit has a linear corrclution coefficient equal




Table 1. Power Spectrul Peaks as a Function of Spatial Frequency for TNT Profiles

Diamond Stylus Sapphire Stylus
Horizontal Spacing = 0.0086 mm Horizontal Spacing = 0.006 mm
Peak No. Spat.ie::n F';c?lcl)uency Spatit::nl";:ﬂ)uency Peak No.
1 0.9 08 1
2 1.7 1.5 2
3 2.1 2.1 3
4 2.6

) 29 2.8
6 34 3.6
7 4.2 4.0
8 5.2 4.7
9 6.3
10 71 6.7 8
11 8.1 83 9
12 8.8

t0 0.83. This is beyond the 99.9 percent signi-
ficance level for the thirty-two data points 20
The log of the rms roughness increases
linearly with the log of the profile length.
Nevertheless, each specific value of rms
roughness is valid only for the g)urticular
subprofile from which it is obtained.>2! These
rms roughness values are plotted as a function
of profile length on a log-log plot in Figure 3.

Composition B

The topography of the fracture surface
of Composition B has been studied from
wavelengths of 1.0 ym to 6 mm using the
diamond stylus. Composition B is a formula-
tion containing 59 percent cyclotrimethyl-
enetrinitramine (RDX), 40 percent I'NT, and 1
percent wax. The sumple of melt-cast Com.
position B hac been found to fracture at
41,000 g at 25°C. The crystuls are seen
visually to protrude from the surface; they
appear to be approximately 0.1 mm in size.
The logarithmic normal crystal size
distribution of RDX as specified by military
specification Class 122 i shown in Figure 4.
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LOG RMS ROUGHNESS (MICRONS)

LOG PROFILE LENGTH (MICRONS)

Figure 3. Log of the Root-mean-square
Roughness of T'NT' as a Function of the Log of
the Profile Length

The distribution for an actual RDX sample,
Holston lot 21-40, is also shown. The
geometric means of the particle sizes
(60 percent point on the graph) are 189 pin
and 123 pm, respectively. The geometric
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Figure 4. RDX Particle Size Distribution, P is
the cumulative percentage of measurements
equal to or less than the particle size,

mean particle size corresponds approximately
Lo the size of the crystallites observed in the
fracture surface.

Five-mm and 5-pm surface height pro

files of two Lracos across the fracture surfuce of

Composition B have been studied. The Z,X
coordinutes of these profiles huve been meus-
ured with the disnmond stylus at a horizontai
spacing (mean sumpling interval) of 0.008 mn
and 0.000b mm, respectively, The gputial
power speetra of these fracture surface profiles
are shown in Figures 5 and 6, respectively.
The power spectral density decreases with
increusing spatial frequency. The spectral
slopes vary from -3.3 (o -3.9 und indicate that
the fracture surface is non-fractal.

As in the case of the NI sumple, peuks
are observed in the power spectra of
Composition B, These peaks indicate that
much ol the fracture is occurring betweon
RDX und 'I'NT grains, The power spectral
peaks ure listod as a function of spatiul
frequency in Table 2. The peaks appoar to be
quasi-periodic over the range measured, The
quasi-harmonic peaks correspond roughly to
the size of the RDX crystals in the sample.

CONCI.USIONS

The results presented hero of the power
spectra of profilometer truces aeross 'I'NT and

ons R
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Figure 5. Spatial Power Spectra of Fracture
Surfuce Profiles of Composition B, Tke slope of
Profile #1 is -3.3; the slope of Profile #2 is -3.9,
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Figure 6. Spatiul Power Spectra of Fracture
Surfuce Profiles of Composition B, The slope of
Profile #1 is -3.8; the slope of Profile #2 is -3.4.




Table 2, Power Speciral Peaks as a Function of Spatial Frequency for Composition B Profiles

DIAMOND STYLUS ,

Horizontal Spacing = 0.006 mm Horizontal Spacing = 0,0005 mm
Profile #1 Profile #2 Profile #1 Profile #2
Spatial Spatial ) Spatial Spatial
Prg:k Frequency Frequency Prg:k lNegk Frequency Frequency P[::k

' (mm'}) (mm!) ' : (mm) (mm'Y) ‘
1.0 1 1 2.2 1.8 1
1 1.8 1.9 2 2 10.0 8.6 2
2 2.9 3.2 3 3 14.2
3 4.4 3.9 4 4 19.4 19.4 3
4 53 6.2 b 5 26.5 26.6 4
5 6.9 33.5 5

Composition B fracture surfuces show that
the spectral slopes change with spatial
frequency. At the lower frequencies, the
glopes for the 'I'N'I' spectra, interpreted in
tormp of the soll-affine fractul model, yield a
fractai dimenslon of approximately 1. At the
higher frequencies, for both I'N'I' and
Composition B, the slopes are <-3, and
therefore, the spatial scaling is non-fractal,
Such bund-limited fractul dimensions and
non-fractal behavior have boen reported by
Brown und Scholz8 in studics of natural rock
surfaces,

Understanding of the fracture and
rupture of energetic materials subjected to
high acceleration is u key Lo better practical
designs in several ficlds, including ord-
nance, the extraction industry, and space
propulgion. In wsuch applicutions the
materials can often be subjected to high,
fluctuating, and/or sustained accelerations,
We have presentod oxperimoental data on the
studies of the fracture of energetic materials
under high accelerations and have introduced
the use of fractul geometry techniques to
characterize the fracture surfuces. We have
shown that the fractal and other statistical
measures provide new ways to parameterize
the fracture surfaces and also provide new
insights into the fracture process. The results
also suggest Lthat at certain spatial
wavelengths the fracture statisticully occurs
al grain boundaries. We believe the
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experimentul und analysis techniquos used
here have wide applicability in future studies
of energetic materials,
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EFFECTS OF MICROBALLOON CONCENTRATION ON THE
DETONATION CHA RACTE&I&’I';‘ISE B(})SF NITROMETHANE - PMMA

H. N. Presles, J. Campos*, O. Heuzé, and P. Bauer
Laboratoire d'Energétique et de Détonique, E.N.S.M.A.,, 86034 Poitiers, FRANCE
*Faculty of Sciences and Technology - University of Colmbra 3000 Coimbra,
PORTUGAL :

concentrations of GMB are used,

The detonation velocity and pressure of mixtures of nitromethane
(NM) - PMMA and glass microballoons (GMB) were measured with
respect to the GMB concentration, These results show the detonation
characteristics of NM can be changed in a drastic way when high

The detonation of these mixtures is far from ideal, so there exists a large
discrepancy between the experimental and calculated values.

INTRODUCTION

Glaes microballoons (QMB) are generally
used to sensitize emulsion explosives. This
kind of explosive is very important today, from
an industrial view point, In order not to
decrease their detonation characteristics too
much, these explosives contain only a fow per-
cent of GMB. The initiation sensitivity, det-
onation characteristics, and critical diameters
depend upon the concentration of GMB, 133
Nevertheless, one may wonder about the
effective role of GMB in these complex
heterogeneous explosives,

Nitromethane (NM) is u homogeneous ex-
plosive, and likely to be the best known among
all explosives. Like emulsions, its sensitivity
is very poor. Therefore, mixtures of NM and
GMB could be very useful to understanding the
specific role of GMB. Furthermore, these
mixtures are very easy Lo prepare, and could
allow the study of the influence of several
parameters such as concentration, size, and
nature of microballoons. Thus, they could
contribute to a betler knowledge of hot spots.

But, first of all, it is necessary to
Investigate whether, if uny and under which
conditions, a self-sustained dcionation would
propagate in these mixtures. In such a case,
the determination of its detonation character-
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istics, with respect to the GMB concentration,
would be a key parameter.

INITIAL STATE OF THE
MIXTURES

Because of the large discrepancy betwoen
the NM density (1.138) and GMB density,
(0.132) it is not possible to obtain a
homogencous mixture without increasing the
NM viscosity. Such requirement was met by
adding PMMA.4 Thus, a 3 percent mass
fraction of PMMA in u« NM/PMMA mixture
was used in each composition. Each NM-
PMMA/GMB composition that is presented
hereafter is defined by the mass fraction X of
GMB in the mixture. The size of GMB is 5 Lo
170 ym. The initial density p, of mixtures up
to X = 40 percent was measured (Table 1),
since a steady detonation can propagate in any
of them,

Three comments must be made:

1) when X > 16 percent, there is not
enough NM in the mixture to fill the gap
between the GMB, which leads to extra voids.

2) the density of mixtures with X > 16
percent is less than the density which could be
expected from that resulting from each
component,




Table 1. Density of NM-PMMA/GMB Mixtures

‘Volume
x| bmeiendt |,
(%)

0 100 1.14
10 61.6 0.78
20 40.3 0.576
30 24 0.39
40 13.8 0.258

3) when X > 15 percent, each GMB is
covered with a layer of NM-PMMA,

DETONATION
CHARACTERISTICS

A previous study led to experimental
detonation characteristics of mixtures with
15 2 X 2 0 confined in brass tubes.® As soon
a3 X > 20 percent, a steady detonation cannot
propagate in this kind of confinement. This
can be explained by the detonation velocity
that becomes less than the sound speed of
brass. For this reason experimental data
reported in this paper, in the case where 40 =
X 210 percent, were obtained using PVC
confinements.

Detonation velocity und pressure were
measured and compared to calculated values
provided by the QUATUOR Code,% using the
BKW equation of state.”

DETONATION VELOCITY

The detonation velocity of X = 10, 20,
and 30 percent mixtures was measured with
respect to the diameter ¢ of the loud (44 2 ¢ =
14 mm) (Figure 1) in order to extrapolate Lo the
infinite diameter detonation velocity (Do)
(Table 2). These values are reported in Figure
2, as well as the corresponding value obtained
in the mixture defined by X = 10 percent
confined in brass tubes. This result is §
percent greater than that obtained in a weak
confinement, and is correctly predicted by the
BKW equation of state.

)
(m,lJ(&s.eO.L-
=== =0 e
(h350] — om
4000 BRASS way“"""
Xe0% |pye TuBe
280 X =20 %
1000 ~~-~"ﬂ-\ﬂ
D\D~
X=30%
o, \ .
R T R Ty Py p—
Figure 1, Detonation Velocity of NM-

PMMA/GMB Mixtures Versus The Inverse
Diameter of the Charge

Table 2. Measured and Calculated Detonation
Characteristics

De Dy

X Brass PVC D(BKW) P(exp) P(BKW)
tube Tube m/s kbar  kbar
(m/s) (m/s)

10| 4540 4354 4557 37.4* 48

43

20 3260 3676 16

30 2322 2769 6 10.7

40 2162 4 4.5

*Configuration Figure 3a.

Hence, only experimentul values
obtained in mixtures where X = 15 percent
and shot in strong confinements may be
compared to calculated values,

As X incrouses, the discrepancy between
experimental and calculated values increases,
reaching 16 percent at X = 30 percent.
Obviously, the behavior of these mixtures is
fur from ideal.
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Figure 2. Detonation Velocity of NM-
PMMA/GMB Mixtures Versus GMB
Concentration

The criticul diameter of these mixtures
was not studied but is likely Lo be very small,
since, regardless of the composition, ail the
values in Figure 1 (even for ¢ = 14 mm)sallon
the same linc.

One must recall that the eritical diame-
ter of NM confined in PVC tube is close to
16 mm.3 This shows the vory efficient role of
GMB in the detonation propagation mech-
anism.

The detonation velocity of the mixtures
confined in 30 mm i.d. PVC tubes is reported
in Figure 2, as are detonation pressure mea-
suremonts which were conducted using the
same confinement. A detonation velocity as
low as 1600 m/s is obtained with X =
40 percent. 'This value is nearly 40 percent
lower than the caleulated one. Experimental
values are fur from ideal and, therefore, cannot
be predicted by an a priori calculation derived
from classical thermochemical codes.

927

DETONATION PRESSURE

Detonation prassures of the mixtures
were measured by means of the electromag-
aetic gauge technique, which consists in
recording the potential generated by a metallic
foil dragged by the detonation products inside
a magnetic field.

Up to X = 15 percent, iwo configurations
of the metallic foil were used, namely, with the
foil located (i) inside the explosive and (ii) at
the inwerface between the explosive and the
PMMA plate at the end of the detonatioa tube
(Figure 3). All of the results are shown in
Figure 4. First, one can observe that both
configurations lead to similar values (within
an experimental error of about 8 percent).

As the GMB concentration increasus, the
detonation pressure decreases reaching 4 kbar
at X = 40 percent, These results show that the
NM detonation characteristica can be changed
to a large extent by addition of a large amount
of GMB, since ncat NM detenation pressure is
120 kbar or so.

As we alroady mentioned, the detonation
pressure experiments were performed using
30 mm, {.d,, PVC confinement. In this case the
detonation velocity is much less than idesl,
which explains why the experimental values of
the detonation pressure are less than the ideal
ones,

The fuct that experimental and calculated
values are nearly the seme when X = 40
pereent has no significant physical meaning.

Nmm,,
_7,./—”;/Pvc\ —
Z g,AL Fol. |
4 | THICKNESS

<} ] 01 mm
~N /’
@ Ay

Figure 3. Different Gauge Locations Inside the
Detonation Tube for Particle Velocity
Measurements
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Figuie 4. Detonation Pressure of NM.
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Cancentration
CONCLUSIONS

Experimental measurements of the
detunation velocities and pressures in NM-
PMMA/GMB mixtures show that it is possible
to change the NM detonation characteristics
ovor a large scale, reaching very low values
waen high GMB concentrations are involved,

These results show the key role of GMB
on the detonation propaguation muchanism,
The volume fraction of NM ingide the mixture
defined with X = 40 percent is less than 15
pereent, Nevertheless, a self-sustained detona-
tion can propagate in these mixtures,

This study is the preliminary step of a
work in progress simed at the understanding
of hot spot generation.
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DISCUSSION

P, KATSABANIS, Queen's University
Kingston, Ontario, Canada

What calibration parameters were used
for the calculations with the BKW EOS and do
these parameters reliably predict performance
of low density explosives?

REPLY BY H. N. PRESLES

We used the parameter set fitting TNT.
We know from related studies that with the
detonation of compressed gascous explosives
these parameters lead to an overestimation of
the porformances of low density explosives
and so, with our mixtures, to an increasing
discrepancy when increasing the glass micro-
balloon concentralion,

929

DISCUSSION

A.VAN DER STEEN
TNO Prins Maurits Laboratory
The Netherlands

Did you measure the shock sensitivity as
a function of the microballoon concentration?

REPLY BY H.N. PRESLES

Such experiments are planned in the near
future. Right now we can say that the mixture
most concentrated with microballoons (X =
40 percent) upon which we performed experi-
ments is very shock sensitive, since with a
detonation pressure of about 4 kbar the ZND
pic pressure is about 10 kbar.
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DETONATION CHARACTERISTICS OF
DENSE GASEOUS EXPLOSIVE MIXTURES

P, Bauer, M. Dunand, H. N, Presles, and O. Heuzé
Laboratoire d'Energétique et de Détonique
E.N.8.M.A,, 86034 Poltiers, FRANCE

A new experimenial technique is described. It allows the measurement
of detonation velocities of gaseous explosives at an initial pressure of
100 bar to 500 bar. The detonation is initiated by means of n solid
explosive generating an overdriven detonation in the gaseous mixture,
The velocities are measured on eight successive sets of ionization probes
located along 2 m long tubes. Their inside diameter varies. The
detonation is rapidly steady except at the upper limit of the pressure
range where side effects occur. They are probably due to the proximily
of the critical point of the hydrocarbon, which could lead to some
heterogeneity in the mixture. It appears that the Percus Yevick EOS is
no longer valid, and one must use the JCZ3 EOS instead. These
calculated results were obtained by QUATUOR Code involving the

Redlich Kwong EOS to describe the initial stale of the mixtures,

INTRODUCTION

In order to provide data on the detonation
preperties of dense gaseous explosive mixtures,
an experimental investigation was undertaken,
During the last decade’ hydrocarbon-oxygen-
nitrogen mixtures in various concentrations
were studied at an initial pressure of 100 bar.
Simultaneously a thermochemical code
(QUATUOR Code®®) was developed. This code
is based on several equations cof state (EOS).
The Boltzmann EOS together with the Percus
Yevick EOS turn out to yield detonation
velocities that are in good agreement with
experimental ones. However, the purpose of
the work in progress is to check whether the
validity of these EOS can be stretched to a
higher range of density. In other words, more
compressed gaseous explosives are more likely
to substantiate such a range of validity.
Moreover, one has to fill a gap between the
gaseous explosives at ambient pressure and
the high explosives. Such a goal wus that of
the present study which deals with gaseous
explosive mixtures at an initial pressure
ranging from 100 to 500 bar. Those mixtures
yield detonation pressures on the order of 10 to
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15 kbar, which may be regarded as a gateway
to the field of high explosives.

Previous experiments were performed in
two different tubes: (1) 2 m long and 20 mm
i.d. and (2) 4.5 m long and 55 mm i.d. They
could only withstand a pressure of 7 kbar and
3 kbar, respectively; therefore, a- new tech-
nique had to be created. The mixtures were
confined in tubes that could only ¢entain them
at the initial pressures but were torn after each
ghot. In addition, detonator #8 turned out to
be inoperative when located in an ambient
pressure beyond 150 bar; therefore, a new
ignition device had to be designed.

EXPERIMENTAL FACILITIES

Several i.d. tubes were used: 12 mm,
16 mm, 21 mm, and 26 mmn. They were 2 m
long with 8 consecutive sets of measurements
20 cm in length (Figure 1), This allowed a
check of the stability of the detonation wave.
lonization pickups, which had to be carefully
adjusted to avoid any leakage, were installed
for this purpose. The first sel was located at a
distance of 40 cm from the ignition point, Each
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Figure 1, Sketch of the Detonation Tube

gauge consisted of a centiral pin stuck in a
2 mm cylindrical glass piece inserted and glued
into the tube wall,

The difficulty encountered previously,
concerning the inability of the ignition device
beyond p, = 150 bar, led to operation in such a
way that the triggering of the detonation
would be from outside of the tube. For this
purpose, 4 1 em thick layer of solid explosive
was pasted around one end of the tube over a
length of approximately 10 em. This technique
was used previously by Sellam et al.4 to
generate overdriven detonations, The deto-
nation in the outer explosive leads to the
formation of a Mach stem in the inner core and
an overdriven detonation takes place in the
central gasecous oxplosive.

As will be discussed later, the opening of
the confinement leads rupidly to a steady state,
at least beyond the first 40 cm of propagation,

Three different mixtures of slightly rich
ethylene-air were studied in a range of initial
pressures varying from 100 to 500 bar. The
mixtures were prepared in storage vessels
using a weighing system! and the composition
was checked by a gas chromatography analy-
sis,

A preliminary study® has shown the
feasibility of the whole experimental technique
at an initial pressure of up to 320 bar.
However, several particular problems had to
be solved, namely, the effect, if any, of the tube
diameter and, moreover, to what extent a
much higher initial pressure could be reached
experimentally. A pressure of 500 bar was the
very highest that could be expected since the
installation was only designed to operate
safely to this limit,

EXPERIMENTAL RESULTS

Despite the strong ignition device, values
recorded over the different sets of measure-
ments were quite close -- less than 1 percent --
at least within the experimental uncertainty,
showing the CJ self-sustained state of the
detonation, This can be explained by the rapid
opening of the confinement that occurs within
the first 40 ¢m of the tube, prior to the first set
of measurements. Depending upon the tube
diameter, that is, upon its strength, one could
ohserve in the lower range of initial pressure
some fluctuations in the velocity on the order
of 1 percent. However, the average velocity
can be regarded as reliable. Therefore, shorter
tubes may be used in the future.

Measured detonation velocities are
reported on Figure 2 as a function of the initial
pressure, All sets of values full along the same
line, and the light change in the equivalence
ratio does not lead to any significant
discrepancy. All sets of data may be rogarded
a8 reliable up to an initial pressure of 300 bar
or 80, Beyond this value, the velocity exhibits

D
m/s
25007 CALCULATION
(Jez 3 E0S)
2800
CALCULATION
(P.Y EOS)
zvoo’-
[1%
2600F
2500
2000
2300
o CoHy + 1342 Air
/ ) e GoH, + 127 Alr
200 o s CoHy + 128 Al
To = 283K
160 260 500 Pp { bar)

Figure 2. Detonation Velocity Vs. Initial
Pressure
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large fluctuations; the uncertainty attached to
its value is far from what can usually be
expected, i.e., less than 1 percent. For
instance, the values corresponding to p, =
360 bar and p, = 400 bar were exhibiting fluc-
tuations on the order of 3 percent. Although
they have been reported on the plot, one must
be very cautious as to the reliability of such
data, Results obtained at a pressure of 500 bar
were not reported in this paper since all shots
provided values that were unlikely to be
realistic, i.e., D = 3000 200 m/s. This can be
explained by the proximity of the critical
conditions with regard to the initial state of
ethylene prior to each experiment. Some heat-
ing of the mixture at a temperature of 300 to
310 K would presumably help avoid this
critical state and favor u more homogeneous
mixture, Another side effect is that of the pre-
cursor wall waves with associated rarefactions,
This phenomenon, as described by Watson,
may locally act in such a way that the
hydrocarbon would undergo a change of state.
Anyhow, this upper range of initial pressure
cannot yet yield reliahle results, at loast with
this type of hydrocarbon,

In order to check Lthe eventual vole of the
diameter of the tube, experiments were per-
formed at a pressure p, = 200 bar in several
i.d. tubes. No significant discrepancy between
the measured values was observed, at least
within the range of uncertainty. This result
leads to the conclusion that the reaction zone
thickness is very small compared to the deto-
nation wave curvature. This is supported by a
previous investigation on the influence of
pressure on the cell size of the detonation
front.” It shows that an exiremely thin strue-
ture of the detonation front can be expected.

COMPARISON WITH A PRIORI
CALCULATION

Together wilh these experimental values,
calculated values are reported on the same plot.
They were obtuined by means of QUATUOR
Code® running with Percus Yevick KOS as well
as with JC23 LOS.® This former BOS was very
salisfying since it predicted the detonation
properties of most hydrocarbon-oxygen-
nitrogen mixtures at initial pressures up to
100 bar.'® A more simple one, Boltzmann

EOS, was also very efficient. However, as the
plot shows, the Percus Yevick EOS is no longer
valid -- either in terms of profile or deviation
with experimental data -- in a higher range of
initial pressure, unless its parameters are
thoroughly adjusted. But then it would not fit
the previous range of initial pressures, The
JCZ3 must be used instead, since it yields
results in good agreement with experimental
data. This EOS was designed in order to
describe the behavior of detonation products of
high explosives; thercfore, its validity in the
present case is rot totally surprising, although
the detonation pressure is one order of
magnitude less than that of high explosives.
As a reference, the calculation providing
detonation pressure as a function of initial
pressure is presented in Figure 3 for the
present mixtures,
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Figure 3. Computed CJ Pressure Vs, Initial
Pressure

Thermodynamic data used in the
calculations of the detonation velocities were
thuse provided by Gordon and McBride poly-
nomial forms, which have been extensively
detailed in previous papers,!2d:

The calculation was performed consider-
ing fresh mixtures at a temperature of 283 K.
Moreover, the initial state of the mixture was
calculated using a real gas KOS, that of
Redlich Kwong. 14 is fairly suited for mixiures
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at pressures less than 1000 bar; moreover, its
formulation is quite simple and the required
data are solely the critical pressure and
temperature of each pure component. We used
a combination rule to obtain these critical
parameters with regard to the mixture, This
rule has been dctailed in a previous paper!?
and leads to satisfying results. It appears that
a calculation ignoring this real gas behavior of
the fresh mixture would be unrealistic and
would not allow any reliable comparison of
both calculated and experimental values. This
was a4 key point in the buildup of the
thermochemical code. The calculated results
presented in this paper were based on the
assumption that detonation products only yield
gaseous species. A different statement led to a
greater discrepancy between both sets of data.

SUMMARY AND CONCLUSION

Detonation velocities were measured in
dense gaseous explosive mixtures at a pressure
in the range from p, = 100 bar to p, = 500 bar
in various slightly rich ethylene-air mixtures.
Their equivalence ratios were very close to one
another, which provided some check on the
repeatability of the measurements. These mix-
tures were detonated in the same way as high
explosives, that is, using a weak confinement
that could merely withstand the initial
pressure. They were ignited by means of solid
explosive generating an overdriven detonation,
It was observed that the detonation, once
propagating over a few tens of ¢cm, slowed down
to a steady CJ state. This was checked through
eight successive sets of measurements. Data
obtained at the highest levels of pressure -- i.e.,
Po = 400 bar and, more particularly, p, = 500
bar, may be regarded as less reliable, since one
has to be cautious about the homogeneity of
such mixtures where the hydrocarbon is likely
to be in a state close to the critical one.

Nevertheless, a reliable comparison could
be inade on the basis of calculated values pro-
vided by QUATUOR Code running with both
Percus Yevick and JCZ3 EOS. The latter turns
out to yield a satisfactory agreement with
experimental values. Its validity can, there-
fore, be stated in a range of pressure -- from 10
to 16 kbar, one order of magnitude less than

. that for which it had been designed. The
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results show the feasibility of this rew setup
and, presumably, should provide new data in
the near future. It may, therefore, be regarded
as a reliable technique to generate detonation
pressures on the order of those obtained by
means of inhibited high explosives.!3 This
would make a continuum in the knowledge of
both gaseous explosives at atmospheric pres-
sure and high explogives.
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DISCUSSION

J.KURY, Lawrence Livermore
National Laboratory, Livermore, CA

Additional information on EOS could
easily be obtained by measuring the wall
velocity of the confining tube with a technique
similar to that used in the cylinder test for
solid explosives.

REPLY BY P, BAUER

This type of information would indeed be
interesting to collect. However, since it would
require the observation of the wall velocity, we
could not perform these experiments in the
present range of initial pressures. The opening
of the confinement started to be compared to
that of a solid explosive at initial pressures
beyond 300 bar. In the lower range of initial
pressures, we somatimes observed a partially
torn tube. However, we do believe that such
experiments could be conducted in the future
for higher values of the initial pressure.

DISCUSSION

J. ROTH, Consultant
Portola Valley, CA

Did you calculate initial gas densities
using realistic equations of state? Also, were
there any Py measurements inade?

REPLY BY P. BAUER

The calculation of initial gas densities is
part of the thermochemical code QUATUOR.
It is a key point in the code since the com-
pressibility effects start to play a prominent
role beyond an initial prossure of the order of
few tens of bar. The equation of state used for
this purpose is that of Redlich and Kwong
(refer to Kemp, M. K. et al,, J. Chem. Educ.,
52(12), 1975, pp. 802-803).

We have not performed any reliable Cd
measurements. However, the CJ detonation
pressure has been calculated on the basis of the




inverse method. A detailed description of this
method is provided in the following reference:
P. A. Bauer et al.,, A.LA.A, Progress in
Astronautics and Aeronautics, Vol. 114, 1988,
pp. 64-76.

DISCUSSION

H. GRYTING, Gryting Energetics
Sciences Compeny, San Antonio, TX

Have ycu determined any detonation
limits for ethylene in air? What other fuels
have you studied?

REPLY BY P, BAUER

We did not observe any detonation limit
in ethylene-air mixtures. The only problem
was the detonation velocity fluctuations in the
higher range of initial pressures, as mentioned
in the paper. We believe that such limit is
unlikely to occur, due to particularly amall size
of the cells in that case. This is the reason why
the diameter effect is not anymore noticeable
at initial pressures higher than 10 bar,

We performed a great number of experi-
ments in various hydrocarbon oxygen mixtures
more or less diluted in nitrogen, These were
CH4, CaHy, CoHg, C3Hg, Hy, as well as various
compositions of CHy - CqHg and CH4 - CgHy
(supposed to exhibit the same behavior as
natural gas) and CH - CaHg - Hy.

DISCUSSION

W. BYERS BROWN, University of
Manchester, Dept. of Chemistry
Manchester, United Kingdom

I would like to ask Dr. Bauer how the
various intermolecular potential parameters
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appearing in the various equations of state
used in the theoretical comparisons with
experiment were chosen.

REPLY BY P. BAUER

Most of the equations of astate (EOS) we
used in the code are based on a virial
davalopment, either in a straightforward form,
like in Boltzmann EOS, or in form of a
summation, like in Percus Yevick EOS,
Concerning the description of the molecular
interactions, two different approaches were
made: either a simple one where only like
molecules interactiuns are considered, or a
more sophisticated one like that involved in
JCZ3 EOS, for instance. In any cause, we used
data that are available in the literature either
for the intermolecular potential exponent
vegarding the molecular interaction distance
or energy involved in the reduced temperature.
In order to fit experimental data, a degree of
freedom was kept using an adjustable param-
eter in the average interaction distance as
suggested by Edwards, J. C. and Chaiken, R.
F.;Comb. and Flame, Vol. 22, 1974, p. 269,

In the cuse where extremely high
pressures are concerned, namely beyond
100 kbars, the Morse potential is supposed to
give 4 good description of the interaction
phenomenon. However, due to the lower range
of pressure with which we are confronted, we
did not use this form. We kept the form
suggested by the authors from whom we chose
the EOS. One may [ind a thorough description
of these parameters in References 1 and 2 of
the present paper.




DETONATION TEMPERATURE OF SOME LiQUID
AND SOLID EXPLOSIVES

Y. Kato, N. Mori, and H. Sakail
Chemicals and Explosives Laboratory
Nippon Oil and Fats Co., Ltd.
Taketoyo, Aichi 470-23, JAPAN

and
T. Sakural and T, Hikita

Fukul Institute of Technology
Gakuen, Fukui 810, JAPAN

Detonation temperature of liquid explosives containing Hydrazine
Nitrate and solid explosives at various initial densities was
investigated with a four-color pyrometer. The liquid explosives
containing Hydrazine Nitrate were chosen as representative of H-N-O
composition, The experimental results show that the detonation
products of H-N-O composition radiale like a blackbody. It was shown
that the measured detonation front temperatures of solid explosives are
almost constant within an experimental error, in the range of initial
density investigated. The measured detonation front temperatures of
solid explosives were compared with CJ temperatures calculated using
various types of equations of state. Good agreement was oblained

between the measured and calculated values.

INTRODUCTION

It is importani to know the detonation
characteristics of high explosives from both a
practical and a theoretical point of view.
Detonation temperature may be the most
important parameter for understanding
chemical kinetics in the reaction zone and the
thermodynamic state of detonation products.

At present, for various applications, the
detonation characteristics can be predicted
using thermo-hydrodynamic computer codes
with various types of equations of state for
detonation products. It is well known that the
detonation velocity and pressure are less
dopendent on the type of equation of state.
Measurements of detonation temperature are
very important as criteria to check the validity
of equation of state.

Recently, it has been proven that temper-
ature measurements by optical techniques are

very useful tools in detonation study; signif-
icant contributions have been made by
Urtiew,! Burton et al.,? and Kato et al.®® Ina
previous paper,’ it was shown that optical
techniques can be used to measure the
temperature of detonation products of solid
explosives. In this study, we applied the tem-
perature measurements by optical pyrometer
to liquid explosives containing Hydrazine
Nitrate and solid explosives at different initial
density. The measured detonation tempera-
tures were compared with CJ temperatures
calculated using various types of equations of
state. Good agreement was obtained between
the measured and calculated detonation
temperatures,

EXPERIMENT

Temperature measurements were
obtained using a four-color pyrometer shown in
Figure 1. The four-color pyrometer consists of
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Figure 1, Experimental Setup

condensing optics, optical fibers, interferential
filters (center wavelength A = 0.85, 0.5, 0.85,
and 0.95 pym; band width at half peak trans.
mission AA = 0.01 and 0.07 ym), PIN photo-
diodes, and an amplifier. Radiation, emitted
from the area of 1 mm in diameter on the
advancing detonation front or detonation prod-
ucts, was focused on one end of the optical
fibers by a condensing lens. The output of the
amplifier was recorded by digital recorder
(Sony-Tektronix 390 AD) via coaxial cables
and 50 ohm lnad resistors. The rise time of the
overall system was tneasured to be less than
10 nsec. The calibration of the four-color
pyrometer wag performed with a tungsten
ribbon lamp and a carbon are.

Liquid explosives studied were Hydrazine
Nitrate (HN)/Water (Hg0) and HN/Hydrazine
Hydrate (HH) solutions. Composition of the
liquid explosives is presented in Table 1. These
liquid explosives were chosen as representative
of the H-N-O composition. Liquid explosives
were contained in glass tubes to avoid contact
with metal (Figure 2). The initial temporature
of liquid explosives was maintained at a
temperature 5-10°C higher than its fudge point
(Table 1),

Solid explosives studied were TNT,
Tetryl, and RDX which were loaded in PVC
tube (50 mm long, 20 mm in diameter} by hand
press to the desired Initial density. The
properties of solid explosives are presented in

Table 1. Properties of HN/HgO and HN/HH
Solutions

. Fudge | Initial
Explosive Cor&;’)::gion Point | Temp.
) (°C) (°C)
HN/H20 96/6 80 68-70
90/10 80 55-60
856/15 40 45-50
80/20 30 35-40
HN/HH 75/25 - 20-25
70/25 - 20-25
65/35 - 20-25
60/40 - 20-25
55/45 - 20-25
HN: Hydrazine Nitrate - NogH4 :-HNO3
HH: Hydrazine Hydrate - NoHg4 ‘Hg0
ionination probe
PVC holder VO holder
/ 5 glase tube Pyrex disk
/ VO barrier — Py . ‘r
L | v - -
'V booster i ~ - "ll
‘ PVO tube
detonator } 8o 10

Figure2. Detonation Tube

Table 2. The PVC tube had a 10-mm thick
transparent anvil (pyrex glass) at one end and
a booster charge at the other, The transparent
anvil was pressed to the end surface of the solid
explosives to avoid voids at the interface
between explogive and anvil, The dotonation
tube was placed in an explosion chamber
where the internal pressure was reduced to 20-
30 mm Hg for each shot.

RESULTS AND DISCUSSION

Detonation Temperature of HN/HgO and
HN/HH Solutions

Figure 3 shows a typical record of tem-
perature measurements of the 1IN/HH solution
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Table 2. Properties of Solid Explosives

Explosive Formula Initial Density

TNT Cr7HgN30g |1.0£0.02 (g/cm?)
2,4,8 Trinitrotoluen 1.210.02

1.410.02

1.51%0.01
Tetryl Cr7HgNgOg |1,010.02
N-Methyl-N,2,4,8-tetranitroaniline 1.210.02

1.4+0.02

1.61£0.01 (cont. 1.0 wt.% graphite)
RDX C3HgNgOg |1.0£0.02
Cyclotrimethylene trinitramine 1.2+0.02

1.410.02

1.66+0.01 {cont. 5.4 wt.% wax)
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Figure 3. Typical Record of Temperature

Meagurements of Detonation in HN/HH
Solution (HN/HH Mass Ratio: 70/30)

941

(HN/HH mass ratio: 70/30). It is shown that
during the first 1 psec, the detonation wave
was in an overdriven state, and afterward it
propagated at a steady atate (detonation
velocity ~ 8200 m/s). The detonation front
interacted with the transparent anvil at about
7.5 pa after initiation, The measured deto-
nation front temperatures were 2530 = 100 K
for four wavelengths. In the case of HN/HH
solutions, very stable detonation waves were
obtained in the HN maas ratio range of 55-
75 percent. Figure 4 presents a typical record
of temperature measurements of the HN/Ha0
solution (HN/H30 mass ratio: 85/15). After
initiation, a steady detonation wave propa-
gated, although localized failure waves were
produced. These localized failure waves were
observed in all HN/H30 solutions studied.
Detonation failure occurred when the HN mass
ratio became less than 75 percent in the case of
HN/Hq0 solutions. For all IIN/Hg0 and
HN/HH solutions investigated, the measured
detonation front temperatures showed no
particular wavelength dependence within the
accuracy of the measurements. The results
indicate that the detonation products of H-N-O
compositions provide high optical thickness
and radiate as a blackbody.

The measured detonation front tempera-
tures of HN/H30 and HN/HH solutionsare sum-
marized in Figure 5, and compared with Cd
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Measurnments of Detonation in HN/Hg0
Solution (HN/HgO Mass Ratio: 85/15)

temperaturos calculated using KH'T' equation of
state. Itisshown that the measured detonation
front temperatures decrease linearly with the
decrease of HIN mass ratio. Good agreement
between the measured detonation fron!
temperatures and calculated CJ temperature:
was obtained in the case of HM/HH solutior....
However, a discrepancy of more than 1000 K
was observed between the measured and caleu-
lated results in the case of HN/H30 solutions,

After the detonation front arrived at the
transparent anvil, a reflected shock or rare-
faction wave propagated into detonation
products, due to the difference of shock
impedance between the detonation products
and the transparent anvil. For HN/H30 and
HN/HH solutions investigated, ths shork
impedance of the detonation products is very
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Figure 5. Summary of Measured and
Calculated Detonation Front Temperatures of
HNIH0 and HN/HH Solutions

close to that of pyrex glass.® In the case of
HN/HH solutions, u temperature increase of
more than 300 K was observed at all
wavelengths after the interaction between
detonation front and transparent anvil, It is
impossible to explain such a high temperature
increase by the effects of difference of shock
Impedance.

Detonatlon Temperature of TNT, Tetryl,
and RDX

Figure 6 shows a typical record of temper-
ature measurements of TN'T (initial density
1.2 and 1.51 g/cm®). Because solid explosives
are opaque, the four-color pyrometer begins to
record the radiation emitted from the
detonation wave when the detonation front
approaches the transparent anvil, During the
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Figure 8. Typical Record of Temperature
Measurements of TNT Detonation

first 0.2 - 0.5 ps, radiation intensity increascs
exponentially with the decrease of radiation
absorption by the unreacted explosive, and it
attains its maximum when the detonation
front interacts with the transparent anvil. The
duration of this peak is less than 0.2 ys. 1t ie
erroneous to deduce the detunation front tem-
perature from this peak because of possible
effects of voids contained in the heterogoneous
solid explosives. After the interaction between
detonation front and transparent anvil, the
temperature of detonation products at the
interface is measurod, and It decreases
gradually because of a Taylor wave behind the
detonation front.

In the previous paper,’ it was shown that
the time variation of measured temperawures
of detonation products of solid explosives
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agrees with the results of numerical simu-
lation by the 2DL hydrodynamic code using the
KHT equation of state. From the comparison
between the measured and calculated time
variation of detonation products’ tempera-
tures, the detonation front temperature of sclid
explosives was evaluated. In this study, a
similar procedure was applied to TNT, Tetryl,
and RDX at different initial densities.

The time variations of measured detona-
tion products’ temperature of TNT are shown
in Figure 7. Time variations of measured
detonation products’' temperature are very
similar in the range of initial density
investigated. For TNT at an initial density of
1.51 g/em3, the measured temperature of
detonation products are compured with caleu-
lated values. Good agreement was obtained
between the measured and calculated results,
The temperature of detonation products is
slightly increased by reflected shock, because
the shock impedance of pyrex glass is higher
than that of detonation products of TNT. To
verify the influences of the transparent anvil
material, temperature measurements were
obtained using pyrex glass, sapphire, and
lithium fluoride (LiF) as an anvil, in the case of
the Nitromethane. In the case of the sapphire
and LiF anvil, a higher temperature increase
by reflected shock was observed because of the
higher shock impedance of these materials.
However, the effect on the time variation of
detonation products’ temperature was negligi-
bly small. From the time variation of measured
detonation products’ temperature, detonation
front temperatures of TNT are determined.
They are summarized in Figure 8. The
measured detonation front temperatures of
TNT decrease slightly with the decrease of
initlal density in the range of the initial
density investigated. They ara compared with
CJ temperatures calculated using various
types of equations of state (Figure 8). Good
agreement was obtained between the
measured detonation front temperatures and
calculated CJ temperatures.

The time variations of measured detona-
tion products’ temperature of Tetryl and RDX
are very similar to those of TN, The meas-
ured detonation front temperatures of Tetryl
and RDX are summarized in Figures 9 and 10.
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They are compared with CJ temperatures
calculated using various types of equations of
state (Figures 9 and 10). Good ugreement was
obtained between the measured detonation
front temperatures and calculated Cd
temperatures.

CONCILUSIONS

Detonation front temperatures of 1N/
H20 and HN/HH solutions were measured

Figure 9. Comparison of Measured Detonation
Front Temperatures and Caleulated CJ
Temperatures of Telryl

with a four.color pyrometer. The measured
detonation front temperatures present no
particular wavelength dependence within the
accuracy of measurements. The results
indicate that the detonation products of H-N-O
composition radiate as a blackbody. Good
agroement between the measured detonation
front temperatures and CJ temperatures
calculated using the KHT equation of state
was obtained in the case of HN/HH solutions.
However, a discrepancy of more than 1000 K
was observed between the measured and

944




RDX
4500
g
b WCA=4
4000} o o LJD
\ JC2-3
[-)
3000
I measured
2500+ BKW
1.0 12 114 1.6 1.8
R(g/iem')

Figure 10. Comparison of Measured Detona-
tion Front Temperatures and Calculated CJ
Temperatures of RDX

calculated results in the case of HN/H0
golutions.

Detonation front temperatures of TNT,
Tetryl, and RDX at various initial densities
were measured with a four-color pyrometer,
The measured detonation front temperatures
of these solid explosives are almost constant
within the accuracy of measurements, in the
range of initial density investigated, The
measured detonation front temporatures
present good agreement with CJ temperatures
calculated using various types of equations of
state. The results indicale the capability of the
optical technique to measure the detonation
temperature of heterogencous solid explosives
at low initia! density.
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Si02 end window problem --

1. The anomalously high temperature seen at
the ¢nd of the temperature measurgment on
trangparent explosives may be due to emission
of light from the pyrex end window., 8i02
collapsos into coesite and stishovite on
compression. The volume change and, hence,
the PAV on compression is quite large. The
accompanying temperature changes in the
pyrex window may have become brighter than
the temperature of the reflected shock in the
detonation products, thus explaining the
anomaly.

2. The graph showing temperature of
detonation products in solid explosives




indicates different temperatures at different
wavelengths. One possible explanation of this
observation is that the optical density of the
detonation products varies with wavelength,
and their measurement is looking at differing
regions of the reshocked detonation products.

REPLY BY Y. KATO

1. CJ pressures of HN/HH and HN/H20
solutions are in the range of 16-25 GPa, and CJ
states of these solutions are very close to shock
Hugoniot of pyrex glass.! Prespure of shock
compressed pyrex glass is estimated to be in
the range of 16-25 GPa. According to reference
1, shock Hugoniot of pyrex glass is practically
identical to that of fused quartz. Recently,
shock properties of fused quartz, particularly
radiation properties of shock compressed fused
quartz were studied by several authors.234.5
Caleulated shock temperature and measured
brightness temperature of fused quartz com.
pressed to the pressure range of 18-25 GPa
were respectively less than 2100K and
1800K,2.34 and were much lower than
measured detonation front temperatures of
HN/HH and HN/H20 solutions, At the pres-
sure below 25 GPa, radiation intensity from
shock compressed fused quartz increases very
gradually with time, which is characteristic of
radiation from partially transparent mate-
rials,24 The anomalously high temperature
at tho end of the temperature measurement
wus observed only in the case of HN/HH
solutions, and it was not observed in the case
of HN/1130 solutions. It is difficult to consider

946

that light emission from shock compressed
pyrex glass is the cause of the anomalously
high temperature seen at the end of the
temperature measurement.

2. The precision of calibration of our
pyrometer is + 100K at ~3400K. The measured
temperatures do not present particular
wavelength dependence. It is difficult to refer
the observed temperature difference at
different wavelength to the nature of the
detonation products.
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THE STUDYING OF DETONATION TEMPERATURES OF SOLID HIGH
EXPLOSIVES

Shi Huisheng, Han Chengbang, Kang Shufang, and Huang Lihong
Xian Modern Chemistry Research Institute
Xian, CHINA

Detonation temperatures of solid high explosives (TNT, Teiryl, PETN,
RDX and HMX) have been determined. In order to estimate the
accuracy of the results, the effects of density, impedance matching, and
void gas on the temperature measurements were studied. The
measured temperatures were compared with the calculated results
using various types of equations of stale.

INTRODUCTION

It is important to know the detonation
temperature of solid high explosives in the
study of high explosives. In practical
applications, the knowledge of detonation
temperature is helpful for us to predict and
control the performance of explosives.

Currently, it is well-known that
detonation characteristics can be predicted by
using thermo-hydrodynamic computer codes
with various types of equations of state for
detonation products in practical applications.
Detonation velocity and pressure are less
dependent on the type of equation of state,
Measurement of detonation temperature is
very important; it can be taken as criteria to
check the validity of equations of state.
Unfortunately, there are few measured data
on detonation temperature and no measure-
ments of detonation temperature for many
high explosives.

Recently, it has been proven that the
measurements of detonation temperature by
optical technique are a very useful means in
detonation study. Initial attempts to measure
detonation temperature of hiFh explosives
were made by Gibson et al® followed by
several investigators.® However, in these
studies tho meusurements were mainly limited
to transparent liquid explosives or explo-
sive mixtures, and the measured detona-
tion front temperatures were referred to C-J
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temperature according to the physical
consideration.

Measurement of detonation tempera-
ture of solid explosives, which are essentially
opaque and granular, is very difficult. In
this study, the detonation temperatures of
solid high explosives (TNT, Tetryl, PETN,
RDX, and HMX) were determined using
the optical technique. In addition, the effects
of the charge density, impedance matching,
and void gas on the temperature measure-
ments were studied. In the end, the measured
temperatures were compared to the cal-
culated results using several equations of
state.

EXPERIMENT

Detonation temperature of solid high
explosives was measured with a two-color
pyrometer similar to that described in the
previous work.®

The explosives we studied in the
experiment were T'N'T, Tetryl, PETN, RDX,
and HMX. The properties of these explosives
are presented in Table 1. The pressed charges
were made in two sizes: one was 20 mm in
diameter by 20 mm length, and the other
30 mm in diameter by 30 mm length. Two or
three pieces of these charges were usserabled
in a plastic tube 80 mm long, 20 mm (or
30 mm) in diameter, and 3 mm thick.
Covering over samples with transparent




Table 1. Properties of Solid High Explosives
Studied

Name Formal Composition
TNT CrH5N304
Tetryl C7HgNsO3
PETN CsHgN4O12
RDX C3yHgNgOg 5 wt. % wax
HMX C4tgNgOg b wt. % wax

medium not only eliminated the influence of
luminescence of airshock waves on the results,
but also improved tlie impedance matching.

RESULTS

Figure 1 presents typical records of
temperature measurement of RDX, Because
solid explosives are opaq'.e, the two-color
pyrometer begins to record the radiation
emitted from the detonation wave when
the detonation front approaches the trans-
parent medium. During the first 0.2 usec.,
radiation intensity increases exponentially
as radiation absorption by unreacted explo-
sives decreascs, and radiation attains its
maximum, The duration of this peak is less
than 0.1 usec. Thus the time history of meas-
ured temperature of detonation products is
recorded.

10 mv/div 10 mv/div
0.1 Mg/div 0.1 MNg/div
6940 A 4880 A

Figure 1. Typical Record of Temperature Mea-
surement of RDX Detonation

4000 4

EFFECT OF CHARGE DENSITY
ON THE TEMPERATURE
MEASUREMENT

The detonation temperatures of several
d:nsities of explosives in Table 1 have been
determined. Figure 2 shows the results of
different densities of PETN. In the experi-
ment, we prepared PETN charges with
densities of py = 1.62 £ 0.01 giem$, 2 = 1.66
% 0.01 g/cmaspa = 1,71 £ 0.01 g/em®, and p4
= 1.78 g/em,® respectively. We observed the
time histories of measured temperature of
detonation products. In Figure 2, curves 1, 2,
3, and 4 represent the relations between
temperature and time at different densities of
P1, P2, P3, and crystal density,

In Figure 2, it is also shown that with the
increase in density, there is a drop in
temperature, approaching the detonation
temperature of the crystal.

THE EFFECT OF IMPEDANCE
MATCHING ON THE TEMPER-
ATURE MEASUREMENT

Because most solid explosives are not
transparent, we can only determine the
brightness of radiant light at the moment it
radiates out from the end of the detonating
charge. Thus, the reflection of a detonation
wave at an interface will change the pres-
sure of detonation product, causing the tem-
perature determined not to correspond to the

1\
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Time (micro sec)
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Figure 2. Time History of Measured Temper-

ature of Detonation Products of PETN
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true detonation temperature. In order to
evaluate the effect, we have tested different
transparent mediums of different impedance,
such as water and bromoform, etc. With a
density of pyp = 1.64 £ 0,01 g/cm, the
impedance matching of 'I‘etryl is equal to that
of bromoform (pp, = 2.89 glem®):

pol)
n= =110.01 (1)
pll\U
where, pol) is the density and detonation
velocity of Tetryl, and p,U is the density and
shock velocity of bromoform. The results are
shown in Figure 3.

In addition, with }IMX of the density of
po = 1,70 £ 0.01 g/em, water, glass, and
plexiglass have been tested. The results are
shown in Table 2.

In Figure 3 and Table 2, it is shown that
il the voidage in an adjacent charge is less,
there is no apparent effect on the measured
detonation temperature, the data variation
being within experimental error. For con-
venience, {rom then on, we only used water as
the charge closing medium.

THE EFFECT OF VOII GASES
ON THE TEMPERATURE
MEASUREMENT

The experimental work had been ﬁn-
ished by our pioneer He Xianchu et al.?

T(K)

4000

3500 ¢

3000 ¢

bromo Lor
2500 .
Time (mioro ases)

2000 A -

0.50 1.00  1.50

Figure 3. Time History of Measured
Temperature of Tetryl

Table 2. The Detonation Front Temperature of
HMX (py = 1.70 + 0.01 g/em) in Contact with
Different Transparent Medium

Front
IS:::E:I_ Medium Temper- Av(elza)ige
ature (K)
0927-3 Glass 2670 2700
0927-4 Glass 2660
0929-1 Glass 2780
1007-1 water 2550 25860
0929-5 water 2560
1011-2 | Plexiglass 2750 2690
1011-3 | Plexiglass 2600
0927-1 | Plexiglass 2720
0927-2 | Plexiglass 2690

Through treating these experimental results,
the measured temperatures of detonation
products of a TNT charge with density of pg =
1.61 = 0.01 glem? and Tetry! with density of
po = 1.70 £ 0.01 g/em® are shown in Figures 4
and 5,

In these figures, it is shown that if the
voidage in the charge is less—in other words,
the charge density is higher—the results are
less different than each other in the low
density.® It is also shown that while iigh
density charges of TN'T and Tetryl treatet by
vacuumization are detonating, the fluctuation
of measured temperature of detonation
products can be observed. This fluctuation

T R (1) (1)==ordinary
3000 x (2)==propane
(2) (3)==vacuumization
2500 03
. Time (mioro sec)
2000 —>

0.25 0.50

Figure 4. Time History of Measured Temper-
ature of Delonation Products of TNT Treated
with Different Methods
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Figure 5. Time History of Measured T'emper-
ature of Detonation Products of I'etryl T'reated
with Different Methods

disappoeared gradually as the charge densities
decreased.

Compared Measured Temperature with
the Calculated Result!®!!

The temperature of detonation products
of some solid high explosives (‘INT, Tetryl,
PETN, RDX, and HMX) was measured with a
two-color pyrometer, Through treating these
experimental results, detonation front
temperatures of TNT charges with densities
of py = 1.560 £ 0.01 glem?, p; = 1.66 %
0.01 g/em3, and p3 = 1.61 * 0.01 glem®,
weare determined to be 3700 = 100 K, 3400
+ 100 K, and 3000 £ 100 K, respectively.
They are compared with the C-J temper-
atures calculated using various types of
equations of state in Figure 8. The difference
between these results and the results in
Reference 9 were within § percent.

From the history of time of the meas-
ured temperature of detonation products,
detonution front temperatures of Tetryl
charges with densities of p, 1.65 ¢
0.01 g/em®, py = 1.62 £ 0.01 g/em®, and
ps = 1.69 1 0.01 g/em®, are determined to
be 4200 + 150 K, 4000 %t 150 K, and
3200 1 100 K, respectively. They are com-
pared with the C-J temperatures calculated
with various types of equations of state in
Figure 7.

e
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Figure 6. Comparison of Measured Detonation
Front Temperature and Calculated C-J
Temperature of T'NT
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Figure 7. Comparison of Measured Detonation
Front Temperature of Tetryl nnd Calculated
C-J Temperature of Tetryl

Similarly, detonation front temperatures
of PETN, RDX, and HMX have been
determined. These results are compared with
the C-d temperatures calculated using various
Lypes of equations of state in Figures 8, 9, ana
10, respectively.

SUMMARY

The detonation temperatures of some
solid high explosives have been determined
with a transient optical electrical two-color
pyrometer. In order to estimate the accuracy
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of resul's, the effects of density, impedance
matcehing, and void gas on the temperature
measurements were studied.

Because of the influence of void gases,
effect of materials ut the explosive end face on
the incasured temperature, and other factors,
it was difficult to measure front temperature
of explosive products accurately. There were
many experimental errors in our work,
Currently, we are still facing some questions.
First, does the radiant nature of the
detonation front of solid explosives conform to
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Figure 10, Comparison of Measured

Detonation Front Temperature and Calculated
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that of a black body or a grey bedy? Secondly,
being under high density and shock pressure,
how much does the change of transparent
medium characteristics at the front of the
shock wave affect the reception and
conduction of the radiant light of high
explosives detonation? Thirdly, does the
method of end measurement truly reflect the
detonation temperature of solid high
explosives? These questions should be further
studied.
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FREE-EXPANSION EXPERIMENTS AND MODELING IN DETONATION:
CHEMISTRY AND HYDRODYNAMICS ON A LABORATORY SCALE

N. Roy Greiner and Normand Blais
Chemical and Laser Sciences Division
Los Alamos National Laboratory
L.os Alamos, New Mexico 87848

Laboratory-scale (25-50 mg) detonations of PETN, RDX, HNS, and
TNT have been carried out in a high-vacuum chamber, and collision-
less molecular beama of the freely expanding detonation products have
been analyzed as a function of time with a mass spectrometer., Con-
currently, time-sequenced schlieren and shadowgraph images of the
initial expansion of the product plume are recorded using a pulsed
laser for illumination. These data tie the chemistry and hydrodynam-
ica of the delonation event together. The results, interpreted with the
aid of a computer model, suggest that this experiment freezes the
chemical reactions of detonation by rapid adiabatic cooling and
provides a continuum of samples in the molecular beam, representing
the sequence of reactions in the detonating charge, With a suitable
model of the expansion hydrodynamics, the hydrodynamic histories of
a sequence of volume elements can be associated with their frozen
chemistries. We expect experiments like this to provide a test for
molecular models of detonation.

INTRODUCTION

link molecular quantum mechanics to det-

Chemical reactions drive detonation
through several measurable processes. Among
these are shock (hot-spot) initiation, run-to-
detonation, reaction zone chemistry, and reac-
tions during product expansion. Insofar as
these processes are measurable, thay deviate
from the assumption of instant equilibrium
and affect the process of detonation. Yet, we
know almost no details of these important
chemical processes, which, with hydrodynam-
ics, form the basis of detonation science and
engineering. Although molecular quantum
mechanics is making contributions to low-
pressure combustion science, it does not assist
effectively in understanding detonation
because the molecular detail necessary to test
and challenge Lheory under detonation condi-
tions (up to 10% atm and 5000 K) is lacking
from detonation experiments. The work we
describe here provides a look at detonation
processes in the molecular detail necessary o

onation sclence. Further development and
modeling of these experiments appear to have
potential as a laboratory-scale test for high
explosives that simultaneously measures
several aspects of sensitivity, performance, and
chemistry, Numerous publicat.ions of this
work have already appeared.!® This paper
will be an overview of the main features of the
progress made to date.

EXPERIMENTAL RESULTS AND
DISCUSSION

We have reported some experimental
data identifying the major reaction products of
some common solid explosives, such as HNS,!
PETN,* and RDX.® Here we report additional
data on these explosives and new data on TNT.
Almost all of the studies were conducted with
laboratory-scale explosive charges of 25-50 mg,
and all were reasonably "pure” detonator-
grade explosives without plastic binders. They
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were detonaled in & vacuum chamber using
only slappers, except for TN'T, which required
a PETN booster charge of about 10 mg. The
apparatus used to make the measurements has
been described previously in some detail,! but
briefly cun be duscribed s & vacuum chamber
with dimensions and operating conditions that
permit the free expansion of the detonation
productls to occur without any collisions other
than intermolecular collisions between the
products themselves. That is, this method
samples the detonation products without
roshock, A skimmer admits a collisionless
molecular boam of the expanding products to a
muss spectrometer where the abundance of a
chosen molecular mass Is measured as a fune-
tion of time, By interproting our experimental

data with computer models, we find that some
of the products we observe represent conditions
that occurred less than a fraction of a mlcrosec-
ond after the dotonation wave passed through
the explosive charge. For some explosives such
a8 'I'N'l' und 1INS, these products are probably
characteristic of the reaction zone conditions,

Iigure | shows composite time-integrated
spectra from the explosives PETN, RDX, [INS,
and TN, The most striking charactoristic of
these spectra is that, in all four cases, they
differ enormously from the spectra expected
from complete reaction of the explosive. KFor
example, Figure 2 shows the reconstructed
spectra of the products observed in a detona-
tion calorimeter from these same explosives.”
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The Time-Integrated Spectrum from the Freely Expanding Detonation Products of

PETN, RDX, INS, and TNT. In each spectrum mass peaks are labeled with possible parent or
fragment ions. These spectra from rapidly quenched detonations can be compared (o those expected
from slowly quenched detonations shown in Figure 2,
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Figure 2. Reconstrucled Spectra of the Detonation Products Observed from Slow Quenching in a

Detonation Calorimeter.”

The products are approximately the distribution expected from the BKW

equation of stute and a freeze-oul temperature of 2000-2500 K.

The calorimetnr detonations were confined
inside u gold pipe, so those products expanded
slowl, and are belloved Lo reprosent typleal
dotanution products quenched by freeze-out in
the vieinity of 2300 K. On the other hand, the
froe-expunsion spectra presented here show
many more components und a markedly dif-
ferent distribution of the expected equilibrium
products, HyO, COy, CO, and 11, A possible
explanution is that the free expansions ure
much more rapid (see Modeling), freezing out a
variety of reaction intermediutes from incom-
plete reactions, These intermediates might be
stable molecules or gven free radicals, 1t s
startling to note that the explosives appear to
detonate, but the products observed ure not the
expected final products. If this is true, a
process closely resembling detonation can
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occur without the expeeted complete reaction!
Machanisms oi detonation al the molecular
level will have to take into account results like
these.

Other comparisons are also interesting.
HNS und 'I'N'T are oxygen-poor explosives that
produce lots of soot in the products,”® whereas
PETN and RDX have a higher oxygen balance.
It is evident that the oxygen-poor explosives
have spectra Lhat are similar to each other,
Similarly, RDX and PE'TN have spectra that
are much alike but differ considorably from the
two oxygen-poor explosives. There were no
significant product intensities at massos larger
than 60 mass units, where some effort wus
made to find larger clusters of sool or mass
peaks of unburned explosives.




Time-resolved schlieren and shadow-
graph images of the first 35 mm of the det-
onation product expansion have been recorded
for several of ths axplosives, Those duta give a
useful view of the initial stages of the oxpan-
sion dynamics, such as profiles of expansion-
front velocity and density, which can be
compared with schlieren images derived from
our computer model described below.®® These
time-resolved imuges are closely related to the
product equation of state, the detonation veloe-
ity, and the progression of the detonation front
through the explosive pollet. Somo Informa-
tion about slow chemical procossus, such as
soot formation, may be obtainable by compar-
ing simultaneous schlieren and shadowgraph
images of the expanding cha ge.

MODELING

A common question is whether the small
charges wo utudy, particularly of the less sensi-
tive explosives, are really detonating, The
schlieren and shadowgraph photography and
the modeiing of the carly sxpansion now give
us independent information to assess whether
they are detonating or not, The images for
PETN, RDX, and IINS indicate that the early
rapld acceleration of the products, the product
velocitles, and the product donsity profiles are
as expoecled from detonations, and the experi-
mental images agree with images computed
with the KIVA code using the equation of state
(BKW) of the expecled detonation products.’
The expansion-front velocity profiles computed
by KIVA also match the velocities observed
experimentally, Under free-expansion condi-
Lions, the expansion front is expected to have a
velocity equal to the locul particle velocity plus
the sound velocity in the moedium if gamma I8
equal to 3, as it iy, approximately, for many
explosives of interest. 'I'he expansion front
selocity under these conditions s also equal to
the detonation velocity, u fundamental per-
formuance purameter for un explosive, Further
work on this result is being done to extend this
concept Lo conditions where gamma may difTer
from 3.

The molecular density as a function of
arrival time measured at the mass filter also
agrees quite well in several respects with
KIVA computations. A density-vs-time curve
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is recorded for each mass, then a time-resolved
spectrum is obtained by plotting density-vs-
mass for each 10 ps time interval (Figures 8
and 4), The composition rccorded for each
10-us time period corresponds to a particular
volume element on the axis of the charge,
identifiuble by the hydrodynamic model and
the equation of state used in the KIVA
calculation, A mass spectrum of the material
coming from each volume ¢lement can then be
constructed by assembling the mass filter data
for the corresponding time period from
individual shots with the fllter tuned for each
mass in the spectrum, A hydrodynamic history
(density, temperature, und other properties vs
time, Figure 5) can be computed for each
volume e¢lement sampled (approximately
0.02 inm in the charge corresponds Lo the 10-us
sampling time at the mauw spoctromoter) so
that the time-sequenced chemical analyses
ansoclated with that volume element can be
intorpreted kinetically, The chemical data
(Figures 3 and 4) can then be used to tast
reuction mechanisms and rate purameters
derived from quantnm mechanical reaction
dynamics calculations,

In additlon to the quenching process, the
free oxpansion alfords another valuable
advantage, Material in a iayer 0.020 mm thick
in the detonating charge experionces the
passage of the detonation wave (moving at
8 km/) in 2.8 ns, Detalled results from our
mode!'® show that after expansion this same
layer will take about 10 microsceconds to
transit the sampling point in the mass
spectrometer. Thus, the technique affords us a
"time lever,” so that the characterization of
oevents that differ in time during the
detunation process only by a few nanoseconds
can be accomplished at the muss spectrometer
during the leisurely time period of ten
microseconds. Material deeper below the
charge surface experiences the detonation
wave earlier and therefore has a longer time to
react beforo the expansion wave reaches it and
quenching begins. Its quenching history also
lasts longer, because it expands more slowly
while it pushes material nearer the surfuce out
of the way., The expunsion model allows us to
map progressively later arrival times at the
mass spectromoler to correspondingly deeper
layors in tho charge, so we have a series of
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Figure 3. Time-Resolved Spectra of the Kxpanding Products from the Detonation of PE'UN and
RDX in o High Vacuum. For example, with PE'I'N the indicated times of arrival at the muss
spectrometer can be mapped approximately to corresponding depths in the initial charge (measured
from the charge surfuce nearest the spectrometer) as follows: 130 8 (0.04 mum), 180 us (0.10 mm),
and 240 us (0.20 mm), The 10-ps time resolution of the mass spectra corresponds to 0.02 mm in the
charge, and this number divided by the detonation velucity of 8 mm/us gives u time resolution of
2.5 ns in the detonating charge. The PE'T'N product wave arriving at the mass spectrometer peaks at
peaking times are shorter than those of IINS and TN'I' in
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and K =10 000 cal

mol™!), TUNI =reaction time for a unimolecular reaction (A = 10'8 81 and K =40 000 cal mol’!).
The partial line cutting the lust two curves indicates the point of quenching.

mass spectra thal are assignable to eontiguous
volume elements, each exporiencing the
arrival of the detonation wave at times
progressively later by only 2.6 nanoseconds.
Deeper volume elements experience the
detonation wave carlier, 8o they cook longer
before quenching and expansion. The latest
arrival time recorded in those experiments
(1000 microseconds) correspends to a layer
0.65 mm deep in the charge and 0.008 mm
thick, which experienced the detonation wave
about 180 ns before the release wuve reached it
and quenching began. 'I'his depth encompasses
typical reaction zonos and part of the Taylor
wave. Characterization of slower chemical
events far behind the detonation wave would
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require larger charges or greater confinement
than we report hero,

We expect that, as the detonation wave
reaches the outer surface of the explosive,
gmall jets form between the particles of the
pressed powder making up the charge. The jots
come from the collapse of vold volumes exposed
directly to the vacuum, and they would be of
lower density, higher velocity, and higher
temperature compared to the bulk material.
These are conditions that might favor ion
formation and longer molecular mean-free-
paths (see MIFP in the bulk material, Figure 5),
possibly resulting in some mass differation, as
reported by Lundborg!? and Hay, et al.,'! who




visualize this region as “a lamina of infinites-
imal thickness.” We picture the collapsing
vold volumes (similar to hot spots deeper inside
the charge) as being about a particle diameter
deep with an area exposed to the vacuum
amounting to a small fraction of the bulk sur-
face area, depending on the void fraction in the
explosive charge. We sometimes observe, prior
to the rapidly rising front of our product wave,
a precursor (barely detectable by our mass
spectrometer) that may correspond the hlgh
velocity matorial reported by Lundborg'? and
Hay et al.!® However, the material that we
idontify with layers of the reaction zone, and
which arrives just after the precursor, appears
to be undifferentiated by mass in our experi-
ments,

Another process under investigation is
solid-phase carbon formatlon. The Shaw-
Johnson (SJ) diffusion model!? can be incorpor-
ated into KIVA to give estimautes of the
progress of that process as a function of time
and position in the charge. The schlieren and
shadowgraph images recorded for HNS
detonations appeur to give evidence for solid
particlo formation early in the produet
expansion. After a gmall amount of expansion,
PETN and RDX become and remaln
transparent to the laser light used to record the
shadowgraph images, but, in the case of HNS,
within about & microsecond the product plume
again hecomes opaque, suggesting the
formation of light-scattering material in the
products, The KIVA code is being modified to
compute particle-growth kinetics from the SJ
model and light scattering by the resulting
particles for comparison with the time-
sequenced experimental imagos.

In addition to the interpretution of experi-
mental results, the modeling with KIVA is
being used to refine experimental configura-
tions and to design improved apparatus and
inptrumentation,

CONCLUSIONS

These results are revealing the dotulls of
4 new chemical dimension In detonation
science, Kxperiments with real, not surrogate,
explosives are providing provocative new data
on the busic chemical processes underlying
sensitivily and reactivity in high explosives. It
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is expected that this database will provide a
robust test for molecular quantum mechanical
models of bonding and reaction dynamics in
explosives. Additionally, these experiments
hold promise for elucidating the interaction of
chemical and physical effects, such as in the
tribochemical processes believed to be the basis
of hot-spot initiation of detonation by shock
and impact. Finally, these experiments and
the associated modeling appear to give us a
prototype laboratory-scale test that links
quenched detonation chemistry with shock
sensitivity and a rudimentary measure of
detonation performance,
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What is the standard deviation of your
mass detectibility? Can you readily
differendiate HCN from CO?

REPLY BY N. ROY GREINER

If 1 understand the question correctly, the
answer ip yes, we can readily differentiate
HCN which has a mass of 27 from CO which
has a mass of 28,




DETONATION PRODUCTS OF LESS SENSITIVE HIGH EXPLOSIVES
FORMED UNDER DIFFERENT PRESSURES OF
ARGON AND INVACUUM

F. Volk and F. Schedlbauer
Fraunhofer-Institut fiir Chemische
Technologle, ICT, 7507 Pfinztal, FRG

Less sensitive high explosive charges of TNT'/nitroguanidine (NQ) and
PBX charges with polybutadiene (PB) and Cariflex binder containing
RDX with and without NQ and Al were detonated in a stainless steel
chamber of 1.5 m® in vacuum and under different ambient argon
pressures up to 0.3 MPa. Gaseous and solid reaction products were
analyzed and enthalpy of detonation calculated from the products and
the components of the charge. It was found that the products were
highly dependent on the ambient pressure of argon. The most
important changes of the reuction products were found between vacuum
and atmospheric pressure of argon (0.1 MPa). With increasing
pressure, Ha and CO decrease and COq, HgO, C,, NH3, HCN, CHy, and
CaHg increase. In the same way enthalpy of detonation increases up to

50 percent.

INTRODUCTION

The energy output released during ihe
detonation reaction of high explosives (HE)
depends on the following parameters:

® energy content of the charge

oxygen balance

grain size of the components

degree of confinement

completeness of the reaction of metals,

such as Al, with the reaction products
of the high explosive.

Confinement influences the reaction in so far
as it adds resistance to the expansion of the
gaseous detonation products, and maintains
high pressure and high temperature for a
longer period of time before lateral rarefac-
tions from the side quench it.!

> & 00

By using a confinement, the Boudouard-
Equilibrium

2CO0=COq + C; AH = -172.7 kd/Mol

is influenced to form higher concentrations of
COg and C,. Additionally, the amount of HoO
increases, whereas Hg and CO decrease.?
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Both reactions increase the heat of
detonation of confined charges.

Earlier investigations have shown that
less sonsitive high explosive charges consist-
ing of TNT and nitroguanidine produced very
different detonation products when initiated in
vacuum, compared with those under one
atmosphere of argon.3 In this case, argon
behaves as a confining medium.

In order to learn more about prepressuri-
zation, we glso studied other high explosive
charges, such as PBXs based on RDX and
nitroguanidine, with and without additional
aluminum in our stainless stzel chamber. By
varying the argon pressure from vacuum up
to 0.3 MPa, the detonation products were
analyzed with regard to the gas and soot
formation. Additionally, the heat output of
detonation was evaluated.

EXPERIMENTS

For the experiments, a container of stain-
less steel which could be evacuated, with a
volume of 1.5 m® was used.




The high explosive charges had a
diameter of 50 mm and a length between 85
and 95 mm. The mass was approximately 300 g
without boosters. For the initiation, a deto-
nator cap No. 8 of Dynamit Nobel AG, together
with a 10 g RDX booster, were used. Because
of the corner effect, a second booster of about
18 g having the same diameter as the main
charge was glued onto the charge.‘

After hanging the explosive charge
horizontally inside the chamber, the vacuum
pump was siarted in order to provide a deto-
nation in vacuum or under different pressures
of argon. After firing, gas samples were taken
for the measurement of NG in a chemilumi-
nescence analyzer and the mass spectrometric
analysis of the detonation gas. Then the
chamber was opened in order to collect the
solid residue as completely as possible by the
use of vacuum cleaner. The residue was
analyzed for carbon, hydrogen and nitrogen.
The unreacted aluminum was determined
after reaction with HC! by measuring the
volume of hydrogen.

In some cases, soot was examined in more
detail at the Los Alamos National Laboratory
by using X-ray diffraction and convergent-
beam electron diffraction. Previous investiga-
tions have shown that X-ray diffraction powder
patterns exhibited the same diamond spacings,
‘'matching tha pattern from an authentic
diamond sample.’

Manufacturing of the Explosive Charges

TNT-Charges. The charges containing
TNT were manufactured by heating TNT
above its melting point, and by the addition of
ingredients such as spherical nitroguanidine
(NQ), Al, and others. Cylindrical high explosive
charges of 50 mm in diameter and 80 to 90 mm
in length were cast in order to obtain charges
of about 300 g. With regard to nitroguanidine,
a distribution of spherules of 28 percent with
150-200 um and 72 percent with 500-1000 pum
was used,

Charges with Polybutadiene (PB)
Binder. The pre-mix consisting of the pre-
polymer R 45 M and the ingredierts RDX, NQ,
Al, ete., was treated in a horizontal mixer,
Later, the curing agent Isophorondiisocyanate

(IDPI) was added. After mixing a short time,
the explosive mass was cast into a cylindrical
form. The following mean particle size distri-
butions were used:

RDX Class C; x50 ~ 225 ym
RDX ground; x50 ~ 10pm
Al Alcan; X50 ™

Charges with Thermoplastic Binders.
For the preparation of high explosive charges
containing a thermoplastic elastomer binder,
the triblock copolymer Cariflex 1107 was used.
A granular mix consisting of 85 percent RDX
and 15 percent binder was used. The granulated
material was heated in a double piston press to
80°C, and pressed at 25 MPa under vacuum,

5um

High Explosives Investigated

The following high explosives were
investigated:

Detonation
Composition l[):):::'s"; Velocity
[m/a)
TNT 1.64 6900
45% TNT/55% NQ 1,63 7224
45% TNT/E5% NQ
{Qlasa confinement) 1.63 7224
HX"72:
80% RDX (10 um ¥20% PB 1.48 7750
HX76:
55% NQ/30% RDX (10 pmy
15% PB 1.51 7420
PHX 31 :
88% RDX (10 pmV15%
Cariflex 1107 1.67 7860
HXA 123:
56% RDX Cluus C/14% RDX
(10 pum)
10% PB/15% Al Alcan 400 1.62 7360
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Evaluation of Results

Most of the gaseous reaction products
such as Hg, Ng, NO, N3O, CO, COg, HCN, CH,,
and CaH4 can be analyzed quantitatively by
mass spectrometry.




In order to determine the amount of H20
vapor, we calculated it as the difference of the
hydrogen balance which was evaluated
between the total hydrogen content and the
analyzed content. The same was also done for
evaluating the amount of free carbon, which
was formed as soot during Lhe detonation
resclion,

On the other hund, the amount of
unreacted aluminum (Al) was analyzed by
measuring the hydrogen content of the
reaction

Al + SHCI— AICl3 + 1.5 Hy

Algo, the soot was analyzed for determining
the amount of C, H, and N using elemental
analysis based on the complete combustion to
CO3, H30, and N3,

If we have analyzed

a) the gaseous reaction products by mass
spectrometry: Hg, Ng, NO, NqO, CO,
CO9, ICN, CHy, CyHly,

and CyH,,

b) the composition of the soot: % C,% H,
and % N, and

¢) andthe amount of the unreacted Al,

we are able to calculate the amounts of water
vapor and of solid carbon.,

For this calculation a computer program
was written. Input parameters of this program
are: the above mentioned analytical results
(a, b, ¢) and, additionally, the stoichiometric
composition of the complete explosive charge,
including both boosters. By comparing the
mass balance, it is possible to get a complete
composition of the reaction products. Beyond
that, we calculated the heats of formation of
the products and the unreacted explosive
charge. Additionally, the freezing-out temper-
ature of the components of the water gas
reaclion products is evaluated by calculating
the equilibrium constant, using the partial
pressures according to:

Peo* p1|20
Kp (T =

Peo XPy
(,02 H2
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Firaily, the computer program provides
us with the following results, as seen in
Table 1;

1. Massof the explosive charge
Mass of the boosters
Composition of the charge
Heat of formation of the charge
Og2-balance

Sum formula of the explosive charge
included the boosters

Sum formula of the soot
Amount of unreacted aluminum

9, Mass spectrometric analysis of the
reaction gas without water vapor

10. Complete reaction products including
waler vapor, solid carbon, Al and AlgOg
in Mol percent, and reaction products per
kilogram high explosive charge (mol/kg)

11, Enthalpy of detonation (-Hgqq,)
12. Water gas equilibrium constant Kp (T)

13. Amount of carbon in residue (percent of
total C orin grams)

14, Amount of unreacted Al in percent
15. (asformation in Mol/kg

16. Comparison of theoretical and experi-
mental mass balance, with and without
ammonia (NHj)

RESULTS
Reaction Products of TNT

The reaction products of a charge consist-
ing of 300 g TNT and 29 g booster without con-
finement were compared with those published
by D. Ornellas® which have been formed in a
detonation calorimeter; see Table 2.

I A

Lo =

Two samples of D). Ornellas were tested
under confinement: one in a cylinder of gold,
the other of alumina (AlaOg). The third sample
(26 g) was without a confinement.

It is interesting to see that our unconfined
large TNT charge (300 g TNT + 29 g booster)
exhibits neurly the same reaction products as
the small charge (22 g) with the gold confine-
ment, but is very different from the unconfined



Table 1. Example for the Evaluation of the
Complete Detonation Products and the Heat of

Table 2. Heats dnd Products of Detonation of
TNT Under Varying Conditions: Comparisons

Detonation of Composition B Between ICT and LLNL
ICT  Detonation Calorimetsr
9. 1.0 No.W%0  COMPOSITION® Sample 28/30  D.Ornellas, LLNL
ERPLOBIVE MALS: s010(4| Confinement no Gold Al08 no
EXPLOSIVE FOILY 17.8{a|
RDX BOOSTER: 10.0(G) Charge:
TOTALMASS: slal Denaity Igicom]  ? 1533 1533 1.000
57,548 % HRXOUKN [TY1 Diameter [mm) 80 127 127 147
0518 % PARAFFINE 1008 Weight TNT [g] 300 22 22 26
S0.103 % 8,4, TNY "0
B.437 % EXPLOSIVE FOIL, 0.00% Booster lg}] 29 ? ? ?
Heatofformations  MSKCALKG = dowkama | | mreeeeeeeesees e reteeetaennraeernarenanaraanes
Products, H, 34 43 41 204
Osygsabalancu  4d2% (Mol%]  Cfi, 02 08 10 01
Sumformuln O (/] N H CO 172 186 188 53.9
20810 26977 B0 38400 Co, 98 11,7 128 0.3
Souk 1,0000 00000 00888 00713 NE) 138 123 128 11.8
N 007 . 001 0.01
(MOL%] . ANALYSIS 200T . {MOL/MG)
¥ ALINE. . BITH Hall and rh HCN 08 19 05 03
oty 1 o4 o e NHy 7 18 18 08
o B0 20,81 X3 H,O0 188 149 133 3.4
oy 18,08 'Y 408 C, 354 2340 35.2 8.8
Ng .88 Y 10,38
N3O 0.0 000 0.00 A Hg,, [KI/Kgl:
o ! oo . :4;: Experimental - 4876 4480 2437
HeO ™ Y Calo from products 4320 4744 4091 2877
19347 VIR AP SOURON | | . SO 1 |
Kp(T) Waturgas 6840
A amtandy - Table 3. Charges of 45 Percent TN'T/S5 Percent
able 3. Churges o ervent ercen
1 1 — .1
MOLKG... TOTALL it ... QARLIM  CONDLIAL | Ny in Different Ar Pressures
Comparison of mass balunce: Theory Hxperiment
R S Ad Sample No, 1450/1c  1450/2¢ 14503
NIQ 07818 0.19%0 Ar presasure, MPa Vae, 0.05 0.1
Composition 45% TN'T/ 56% NQ
Thaor, umount of carbon In residues 20,0 [G] = 35,8 % of carbon 02-Balance, % -47.6
Charge Weight, g 331 332 a3l
A Hq, KJ/Kg -861 -g62 -657
small TNT charge (26 g). This leads to the Products, Mol%: :‘ll)l 28';’)4 g"l’ 8'24
conclusion that for a large charge with a éo' 321 179 143
diameter of about 50 mm, argon atmosphere Coy 3.1 7.8 10.3
behaves as a confining medium, 26 23'? zg.: 23‘?3
HCN 03 3.2 3.6
Charges With (rgl.l 382 g.ga 3?
> N > sily B . .
48 Percent I'N'1/85 Percent NQ “iO 107 19.6 200
In order Lo determine the influence of G 44 134 159
different argon pressures on the detonation A Hyyy, KJ/Kg 2089 3653 3763
products of casi high explosive charges con- C in Residue
sisting of 45 percent TNT and 65 percent 1% of total €} 108 322 387
spherical nitroguanidine (NQ), experiments Gun formation
have been conducted in the detonation ImoVKgl 45 378 W

container described. In each cace, the detona-
tion products of three shots were analyzed: one
in the evacuated container, the other under
0.05 MPa, and the third under 0.1 MPa of

Additionally, three charges of Lthe same

argon (Ar); see Table 3.
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mass and the same composition but in a glass
confinement with a thickness of 9 mm were




investigated, also in vacuum, under 0.05 and
0.1 MPa argon. Theresults are listed in Table 4.

Table4. Charges of 45 Percent TNT/55 Percent
NQ in Qlass Confinement and Different Ar
Pressures

Sample No, 1451/1  1481/2 145188
Ar pressuro, MPa Vae, 0.05 0.1
Composition 45% TNT/ 88% NQ
02-Balance, % -47.6
Charge Weight, g 332 a3s 332
AH,KJ/Kg -656 -658 -658
Products, Mol%: Hg 8.7 42 al
: CH, 0.2 04 044
Cco 15.9 102 93
COy 7.9 119 12,7
N 278 26,0 25,6
N 0.08 0,08 0.14
HCN 1.38 24 1.1
NH 1,15 4.7 8.3
ey, ¢or o1 ola
H0 2085 207 210
o 16.8 18.2 21.3
A Hyq, KJ/Kg 3719 3960 4003
Cin Residue
[% of total C) 39.8 433 47.2
Gas formation
(mol/Kg] 371 344 33,0

The results of the unconfined shots in
Table 3 show that the products formed under
an evacuated condition are very different from
those produced under 0.5 bar (0.05 MPa) and
one bar (0.1 MPa).

With increased pressure we sce a distinct
decraase of Hg and CO on one side and a strong
increase of COg, H90, and solid carbon (C;) on
the other.

In the same direction the enthalpy of
detonation (AHget) increases markedly from
vacuum to 0.06 MPa of argon, but only slightly
from 0.05 MPa to 0.1 MPa of Ar. The highest
value of the gas formation is obtsined in
vacuum,

It is also interesting to see how the con-
centrations of ammonia (NHj) and hydrocyanic
acid (HCN) increase with a higher pressure of
argon; the same hoids also for methane (CH,)
and acetylene.

It seems as if argon behaves as a confine-
ment. It leads to a distinct increase in the heat
of detonation because of the increase in the

species representative of a lower-temperature
isentrope such as COy, H90, and solid carbon
(Cyq), and a corresponding decrease in the species
representative of a higher-temperature isen-
trope: CO and Hg.? '

From vacuum to 0.1 MPa argon, enthalpy
of detonation increases from 2999 to 3763 kd/kg
by 20.6 percent. On the other hand, the glass
confined charge exhibits at 0.1 MPa argon a
value of 4003 kJ/kg, which corresponds to an
increase of only 6.4 percent, compared with the

unconfined charge at the same pressure (see -

Tablog 3 and 4).

Because of the effectivity of argon, we tried
to analyze also the detonation products formed
under higher argon pressures such as 0.2 and
0.3 MPa. The results are listed in Table 5,

Tuable 5. Charges of 45 Percent TNT/55 Percent
NQ in Ar Pressures of 0.1 to 0.3 MPa

Sample No, 1450/3¢ 1450/2b 1450/3b

Ar pressure, MPa 0.1 0.2 0.3

Composition 45% TNT/ 56% NQ

02-Balance, % -47.8

Charge Weight, g aai 328 a2

AH, KJ/Kg 6817 -648 -646

Products, Mol%: H, 5.0 4.2 4.4
CH, 0.2 03 0.3
Co 143 114 114
Co, 108 107 113
N; 25.6 252 M8
NO 013 0.22 0.4
HCN . 05 08
NH 3.6 14 1,0
CH, 61 o1 01
H,0 20.0 217 20.8
C, 189 208 21.2

A Hyy, KI/Kg 3763 3790 8706

C in Residue

% of total C) 3s.7 464 46.8

Gas formation

ImoVKg) as.1 334 32.8

As we see, an additional atmosphere of Ar
(0.2 MPa) increases the heat of detonation only
by 27 kd, and a further pre-pressurization to
0.3 MPa exhibits no additional improvement of
the heat output.

Analysis of Soot

After each shot, the residue was collected,
dried, and analyzed for carbon, hydrogen, and

966



nitrogen by combustion analysis. Forlcompari-
gon, carbon residue is also calculated from the
mass balance.

In Table 6, we have listed the elemental
analysis of the soot, as well as the analyzed and
calculated amounts of carbon. We clearly see
how the carbon content increases when going
from vacuum to 0,05,0.1,and 0,2 MPa of argon.

Table 6. Analysis of the Residual Soot of the
Charges 45 Percent TNT/55 Percent NQ

Ar Total Carbon (g}

Sample Premure C H N
No. [MPa)] % % % Analysed Calculated

1450/1¢ Vacuum 873 1.0 104 &9 8.1
1460/2¢ 005 869 1.1 120 209 24.2
1450/3¢ 01 854 13 133 318 6.6
1450/1b 01 824 1,7 188 817 36.6
145026 02 731 24 245 361 346
1450/3b 03 689 2.8 282 358 34.6

The elemental analyses have shown that
the nitrogen content increases, too, when
argon pressure ic raised. We assume that the
formation of organic substances containing
nitrogeén increase in the same manner as HCN
and NHy.5

We suspect that the formation of
diamonds will also be favored under stronger
confinement.®

Reaction Products of PBX-Charges in
Different Argon Pressures

In addition to the TNT/nitroguanidine
cast high explosive, some PBX charges were
investigated which exhibited different RDX
and binder contents. Also, charges containing
aluminum (Al) were included.

The detonation products of charges con-
sisting of 80 percent RDX, with a mean grain
size of 10 um and 20 percent of a polybutadiene
binder, are shown in Table 7,

Comparing the resulis of the evacuated
container with those of 0.05 and 0.1 MPa of
argon, we see the sume behavior as discussed
before: a decrease of Hg and CO, and an
increase of COy, 1150, C,, NHz, HCN, Cylly,
and C|l4.
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Table 7. PBX Charges with 80 Percent
RDX/20 Percent PB

Sumple No. HX72/1 HX72/2 HX 72/3

At pressure, MPa Vacuum  0.05 0.1

Composition 20% PB/80% RDX (10 ym)

02-Balance, % 738 .

Charge Weight, g 329 328 330

AHy, KJiKg 94 -90 85

Products, Mol%:  H, 33.5 15.0 123
CH, 0.1 0.7 29
CO 344 17.8 19.1
COy 1.2 3.5 8.8
N 18.8 18.0 18.8
Nz) 0.08 0.03 0.02
HCN 01 0.8 0.9
NH, 08 29 2.8
GQHQ “ 0006 0.5
H,0 48 19.8 19 9

AHye Kd/Kg 2049 4214 4440

C in Resldue

(% of total C] 15.7 409 473

Gua formation

(mol/Kg| 52.1 420 30.7

There is also un increase in the enthalpy
of detonation, and a decrease in the gas forma-
tion. It is notable that the very high formation
of Hy in the vacuum shot is due to the high
amountof PB binder, which leads to an extreme
negative oxygen balanse of -73.3 percent. But,
nevertheless, the heat of detonation is much
higher than that of 45 TNT/55 NQ. The reason
for this is that the enthalpy of formation is
much less negative for the RDX containing
charge (-94.0 kd/kg) than that of 45 TNT/
55 NQ with a value of -646 kd/kg. From vacuum
to one bar argon, heat of detonation increases
by 50.6 percent from 2949 to 4440 kJd/kg.

PBX - Charges Containing RDX and
Spherical Nitroguanidine (NQ)

On the basis of the more negative
enthalpy of formation of nitroguanidine, we
understand that the detonation decreases by
replacing RIDX with nitroguanidine (NQ). In
Table 8, the detonation products of charges
with 15 percent PR binder, 55 percent NQ, and
30 percent RDX are listed.

The most important difference betweon
here and the RDX containing charges in
Table 7 is to be seen in the formation of HCN




Table 8. Charges Containing RDX and
Spherical Nitroguanidine (NQ)

the charge, including both boosters. Besides a
high gas formation, a considerable heat output

decomposition products of nitroguanidine.
Because of the positive heat of formation of
HCN, the enthalpy of detonation is decreased
distinctly.

We assume that the relatively high HCN
concentration of detonation gases produced
from nitroguanidine containing high explo-
sives, is responsible for discrepancies between
calculated and measured detonation velocities.
The calculated velocities will be marked lower
when taking into account the heat loss for
which HCN, with its positive heat of forma-
tion, is responsible:

2HCN —» Ha + Ng + 2C; AH = -257.8 kd/Mol

Charges With €8 Percent RDX (10 ym) and
a Cariflex Thermoplastic Elastomer Binder

it is the special merits of thermoplastic
binders that the manufacturing process of high
explosives is more flexible. Using 15 percent of
a Cariflex binder and 85 percent RDX, an oxy-
gen balance of -64.5 percent can be obtained for
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was also determined by analyzing the detona-
Sample No. HX76/1 HX7622 HX76/3 \
Ar presaurs, MPs yXTeL HXTES BT tion products, as is shown in Table 9
g;nl;.p?-mon' 15% PR/ 55% NQ/ %o& RDX (10 pm)
"Baance, e Table 9. Charges With 85 Percent RDX
h ight,
\ 2,:;'.':.,",{:,""‘ ¢ },32 .222 .223 (10 um) and a Thermoplastic Cariflex Binder
PoductaMol®: Hy 232 83 38 Sample No. PHX31/1 PHXS12 PHX31/3
CO‘ 22,4 107 ™ Ar pressure, MPa Vacuum 0,08 ol
Cco. 3.5 ' 7.5 "B Compuitlon 18% cll‘m."a‘“ RDx (lO pm)
N, 204 229 240 03 Balasie, %
B W P s
0 : . i H 288 1786 117
CQl’fg 0.1 0.7 08 M C?l‘ . 0.8 1.7
CHy - 3 0.5 CO 341 204 1458
H 113 1868 190 co; 14 3.8 6.9
C, 82 139 16.8 m) 28,76 gg‘ga gg_gn
5 Hyu, KI/Kg 878 oI 9830 HON 08 08 108
Cin Reaidus NHy 09 LI 24
% of total C] 164 335 390 g:ﬂ: ‘ 0t o4
Gas formation Hg0 8.1 18.4 212
(molVKg) 412 8 8l C, 54 169 200
A Hyy, Ki/Kg 3428 4323 4676
and NH3: nitroguanidine is responsible for | CinResidus
concentratione up to 6.0 Mol percent HCN and [Boftoual Ol 130 40 dsl
8.3 Mol percent NHy. This behavior may be %:J;’{:]‘““’" ©8 428 998
explained by the fact that NHg and HCN are . : .

The concentration of NHz and HCN is
much smaller than in the case of NQ
containing charges.

From vacuum to atmaspheric pressure of
argon, the enthalpy of detonation increases
from 3428 to 4678 kJ/kg (36.4 percent).

PBX Charges With RDX and Aluminum

The aim of the following investigations
was to find out the influence of different argon
pressures on the detonation products of Al-
containing PBXs.

In the container, a high explosive consist-
ing of 56 percent RDX Class C, 14 percent RDX
(10 pym), 15 percent Al Alean 400, and 15 per-
cent polybutadiene binder was detonated in
vacuum and in argon atmosphere (0.1 MPa).
The results are listed in Table 10,

It is shown that the shot in vacuum
produced detonation products which were




Table 10. PBX Charges with RDX and Al
Alcan 400

Sample Nu, HXA 123/1 HXA 129/3

Ar pregsure, MPu Vacuum 0.1

Camposition 156% PB/ 16% Al Alcan 400

§6% RDX Clusa C/ 14% RDX (10 pm)

02.Balance, % -69.3

Charge Weight, g 331 331

AH, Kil/Ky 13 M

Producty, Mold:  H, 20,5 258
CH, 004 1.1
coO 26.1 20.1
co, 00 2.7
Ny 16,9 181
NO 0.07 0.05
HCN 0.1 2,38
NH, 2,2 0.8
CyHy 0.04 03
CiH, 003 02
HO o~ 42 7.2
A1203 46 39
Al 1.6 3.0
c, 14.6 14.3

Ky(T) ? 2018

Freaue out Temp, (K} 1368

AHgy, KKy 5143 5068

C in Rusidue

(% of total C) 3s.8 348

Unreacted Al, % 18.0 28,0

Gug formation

(mol/Kgl 38.8 31.0

much more similar to those of 0.1 MPa argon
than were obtained in all earlier shots by using
charges withoul aluminum,

This means that the influence of argon as
a confining medium is reduced by using Al
containing high explosives. This behavior can
also be derived from the values of the
enthalpies of detonation, which only exhibit a
difference of 1.5 percent between the
detonation in vacuum and atmospheric
pressure of argon.

The results have also shown that an
amount of unreacted Al of 15 percent for
vacuum and 28.0 percent for 0.1 MPa of argon
related to the whole Al content was analyzed.

Comparing the freeze-out temperature of
the water gus reaction, we see that it is very
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high for the shot in vacuum, whereas it has a
realistic value of 1365K under 0.1 MPa of argon.

CONCLUSIONS

We have presented results demonstrating
the usefulness of analyzing detonation products
in a stainless stee! container of about 1.5 m?,

By using less sensitive high explosive
charges of more than 300 g, the influence of
different ambient pressures of argon on the
detonation products was determined.

Charges containing TN'/nitroguanidino,
PBX charges with polybutadien binders
containing RDX/nitroguanidine, and RDX/AI
and thermeplastic binders with RDX were
detonated in vacuum in 0,056 MPa and 0.1 MPa
of argon pressure. We have shown that the
detonation produsts were highly dependent on
the pressurc. Atdtmospheric pressure of argon,
enthalpy of detéi\ution was up to 50 percent
higher than under vacuum. With increased
pressure, we found a distinct decrease of Hg
and CO and a strong increase of COg, HoO,
#olid carbon, NH3, HCN, CHy, and CgHg,

On the other hand, Al containing PBX
charges exhibited only a small effect under
different pre-pressurization.
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DISCUSSION

HAROLD GRYTING
Gryting Ener%etics Sciences Company
San Antonio, California

In Table 3 for compogition 45 percent
TNT/56 percent NQ, is the increased pressure
of argon primarily responsible for the increase
in HgqO from 10.7 mole percent to 19,6 mole
percent from vacuum to 0.06 MPa argon pres-
sure in the predetonation condition?

If' 8o, how do you account for the almost
negligible increase in HoO when the argon
pressure is doubled (increasing from 0.05 to
0.1 MPa) with Hg0 only increasing from 19.8
to 20.0 mole percent for about the same charge
weights? Tables 4 and § do not show these
anomalies,

REPLY BY F. VOLK

In all cuses we found that the resction
gases changed strongly between vacuum and
0.05 MPa argon.

From 0.05 to 0.1, 0.2, and 0.3 MPa only a

little change of the products was analyzed, see
Table 5.

Tables 4 and 5 do not show these changes
becuuse Table 4 deals with a glass confined
charge and glass confinement behaves like a
high argon pressure. Table 5 shows that there
is nearly no changing between 0.1 MPa and
0.3 MPu o urgon.

* Los Alamos National Laboratory, Los
Alamos, NM

* Fraunhofer Institut fir Chemische
Technologie, D 76G7 Pfinztal, FRG
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DISCUSSION

JOHN KURY

Lawrence Livermore National
Laboratory

Livermore, California

The product composition differences seen
between experiments with confinement and
those in vacuum are primarily due to reshock-
ing of the products to well above freeze out
temperatures for the vacuum experiments (see
Ornellas’ paper).

REPLY BY F, VOLK

Yes, | agree. Reshocking means that the
freeze out temperature of the water gas
equilibrium shifts to a higher temperature and
that carbon formation and detonation heat is
reduced.

In our case, it is shown that the uncon-
fined charge under argon pressure leads to
detonation products which are nearly the same
as from the confined charge: a high con-
centration of COy, Hq0, and C. In this case,
reshocking must be negligible. However,
under vacuum conditions, products have been
analyzed which are very similar to reshocked
conditions: a high content of Hg and CO, a low
heat of detonation, and a high freeze-out
temperature of the water gas equilibrium,

DISCUSSION

PER ANDERS PERSSON
CETR/New Mexico Tech
Socorro, New Mexico

For a 300 g charge of these relatively
insensitive explosives, one would expect the
detonation at the surface of the charge when in
a vacuum Lo be a great deal less ideal than at
the center of the charge. The confinement and
increased Ar pressure would presumably
decrease this difference. Do you feel that the
glass-confined 300 g charges produce reuction
products representative of those from a large
charge of the same explosive, say a 300 kg
charge?




REPLY BY F. VOLK

The critical diameter of the charge com-
positions we have analyzed is between 30 and
40 mm. Our charges that we investigated in
the detonation chamber exhibited diameters of
50 mm. So we can assume that by increasing
the diameter we will not have a distinct change
of the detonation products compared with a
glass-confined charge.

DISCUSSION

GREGORY A. BUNTAIN
Los Alamos National Laboratory
Los Alamos, New Mexico

I wonder what affect the argon flash in
your chamber will have on product decomposi-
tion,

Could some of the changes in product
distribution in the presence of argon be & result
of secondary photolytic reactions?

REPLY BY F. VOLK

I do not know if photolytic reactions are
responsible for the reactions in the chamber,

071

We suppose that the interaction of the
early detonation products during the expan-
sion process with the argon atoms promote
reactions which are pressure dependent such
as:

2CO - CO2+C; AH =-172.4kd/kg

We will have the same behavior when using
nitrogen as incrt atmospheve,

DISCUSSION

I, B, AKST
Los Alamos National Laboratory
Los Alamos, New Mexico

Regarding re-equilibrium by shock at
container walls, a calculation at LLNL some
time ago showed that products would not reach
the walls of a container of your size (~1 meter
diameter) in significant quantities if there was
150 mm Hg pressure of a noble gas in the
aphere,

REPLY BY F. VOLK

Thank you for this comment.




EXPLOSIVE POTENTIAL OF CARBOHYDRATE-METAL COMPOSITES

A.J. Tulis, J. L. Austing, W, K. Sumida, D. E. Baker, and D, J. Hrdina
IIT Research Ingtitute
Chicago, Illinois 60616

Chemical equilibrium computer calculations establizh that typical
carbohydrates, such as starch or sugar, would provide about half as
much energy as TNT if they could detonate. Similar computations
using metal additives to these carbohydrates indicate that they would
provide about 50 percent greater energy in detonation than TNT,
Beccause of the anticipated difficully in achieving detonation in
carbohydrate-metal composites, experiments were conducted using
small amounts of high explosive additives to these composites. In
particular, use was made of 10 weight percent nitroglycerine in p-
lactnse, a commercially available pharmaceutical formulation, Adding
10 percent aluminum powder to this composition caused it to become
detonable in 25.4-mm steel tubes at 2500-m/s detonation velocity, and
about 1.2-GPa detonation pressure at a density of about 1.0 Mgim®, A
4.54-kg charge of this same composition was detonated, and the blast
output was monitored. It was established that the blast output was just
slightly less than that for TNT, both in terms of blast pressures and
impulses. A further experiment, in which 40 weight percent ammonium
perchlorate was added to this composition, resulted in a blast output
more than twice as great as that from an equal amount of TNT,

INTRODUCTION
Organic high explosives (e.g., TNT, RDX,

The potential of energy release in the
explosion of carbohydrates, such as starch and

and PETN) are metastable moleculur com-
pounds composed of carbon, hydrogen, nitrogen,
and oxygen atoms; Le.,, CHNO compounds.
The nitrogen plays a key role in bonding the
oxygen atoms (e.g., as -NOy or -0-NQOg), but
when yielded as a product such as NO or HCN,
does not appreciably contribute to the exother-
micity of the detonation. It does provide energy,
in that its bonding in the metastable CHNO
explosives provides energy release even when
it is released as elemental nitrogen. This is the
energy release mechanism in the detonation of
the azides, such as lead azide, which decom-
poses to the metal and Ng. Nevertheless, the
lack of nitrogen in carbohydrates is not
considered a disadvantage, because exothermic
species such as H90, CO, und COg are the major
product species that provide the energy in
decomposition, or indetonation. Let us now con-
sider the carbehydrates; i.e., CHO compounds.
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sugar, are legend. Of course, in these instances
these materials are fuels, and lead to cata-
strophic explosions only upon dispersal and
combustion in air, However, these materials
are also known to undergo autocatalytic
decomposition, even under anaerobic condi-
tions, with considerable exothermic energy
release, Consider a Lypical unit molecule of
starch, and assume decomposition as follows:

CgH 905 — 6 C(s) + 5 Hy0 (1)

Under this ideal, optimum chemistry, the net
energy yield would be 0.53 kcal/g starch, This
is about half the energy reloase in the
detonation of TNT. The carbon remains
unreacted.

Because of the many devious decom-
position paths of starch, as well us of most
carbohydrates, it is most unlikely that they
would detonate. Next, consider the addition of




a metal fuel, such as aluminum, to this typical
unit molecule of starch:

3CgH 1005+ 10Al~5A1305+18C(s)+ 15 Hg
(2)

Even though neither the carbon or the
hydrogen are combusted in this simplified
chemistry, the net yield would be 1.83 kcal/g
starch and aluminum reactants. This is far
superior to most high explosives.

Initlally, the intent in studying these
carbohydrate-metal composites was to consider
them as energetic fuels for use in fuel-air
explosive applications, which objective is
presently under investigation. However, they
have also been investigated in the work being
reported here as candidates for a new, very
novel approach to the development of powerful,
yet extremely safe, insensitive explosives.

BACKGROUND

Although both starch (or other carbo-
hydrate) and aluminum (or other metal) are
both extremely energetic when combusted,
they manifest their energy release in different
ways. In considering these materials as fuels
for fuel-air explosives, thormochemical com-
puter codes were implemented to assoss their
potential Chapman-Jouguet (CJ) character-
istics, if they were to detonate as dispersions in
air at various concentrations.! The CJ
temperatures for the two pure components are
extremely different, with starch about 2600 K
and aluminum about 4200 K at their optimum
concentrations in air, Mixtures of starch and
aluminum fall at intermediate levels of
temperature betwoen these two extremes. In
regard to the amount of gas output for the two
pure components, starch provides the highest
amount of gas per unit weight of material,
about 46 mol/kg, while aluminum provides
substantially less, about 30 mol/kg at very low
concentrations to about 23 mol/kg near
stoichiometric conditions, This is a8 expected,
as the aluminum forms condensed species,
whereas the starch forms guses. Again,
mixtures of etarch and aluminum fall
intermediate between these two extremes.

However, when the CJ pressures are con-
sidered for the two pure components and their
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mixtures as a function of concentration, it is
evident why mixtures of the two would be
advantageous; i.e., both starch and aluminum
alone provide relatively low values, just over
2 MPa for starch and about 2.4 MPa for alumi-
num, whereas mixtures of the two components
provide CJ pressures greater than either alone,
This is due to the fact that the compromise
between the very high temperatures in the case
of the aluminum, and the very high amount of
gas in the case of the starch, results in heating
of the gases to achieve much higher pressure.
Of particular interest is the 80/20 weight*
percent starch/aluminum mixture, for which
the pressure increases monotonically with
increasing concentration. Computations were
extended to 1 Mg/m3, which is about bulk den-
sity of these materials, For comparative pur-
poses, a similar computation was conducted for
TNT, Figure 1 illustrates the results of these
computations over four orders of magnitude of
concentration; i.e., from an aerosol in air to
essentially bulk compositions exclusive of air,
At the lower concentrations, the higher values
of pressure are attributed to the influence of
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Figure 1. TIGER Code Computed Chapman-
Jouguet Pressures for a Specific Mixture of
Starch and Aluminum and for TNT as a
Function of Concentration in Air from an
Aerosol to Bulk Densities of 1 Mg/m?®

i
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* All percent values will be on a weight basis,
unless stated to the contrary,




air on both TNT and the starch/aluminum
mixture, TNT is very fuel-rich, so that at low
concentrations? oxygen in air provides
improved performance. However, the main
purpose of this illustration is to demonstrate
that an 80/20 percent starch/aluminum
mixture at concentrations approaching, and
achieving, bulk densities, provides CJ pres-
sures almost comparable to those of T'NT!

Hence, additional computations were con-
ducted and effort was expended into investigu-
tion of carbohydrate-metal compositions as
explosives, in particular, as insensitive explo-
gives, Of course, analytical thermochemical
computations for CJ conditions only provide CJ
characteristics that could be expected if the
investigated material/coraposition were to deto-
nate. As will be shown Jater, even starch by
itsolf provides relatively good CJ charactoris-
tics, if it should detonate.

Several mixtures of starch and aluminum
powder were prepared and tosted, and although
very energetic oulputs werce obtained, they did

not detonate under the conditions of the tests;
i.e., confined in 25.4-mm diameter steel tubes.
Hence, Lo sensitize these compositions so as to
possibly achieve detonation, small amounts
of explosive powders were added. This tech-
nique was based on previous work invelving
the dotonability of very poorly detonable explo-
sives, such as ammonium perchlorate (AP),
which were sensitized to achieve stable
detonation in tubes of about 6.mm diameter,
using a# litlle as 2 or 3 percent nitroguanidine
(NQ) 8

ANALYTICAL COMPUTATIONS

Before these experiments were conducted,
thermochemical computer computations were
conducted to assess the influence of some
molecular explosive additives upon CJ charac-
teristics of the starch/aluminum compositions.
Tables 1 and 2 illustrate the influence of
vurious amounts of NQ and PETN additives,
0.g, from 9 to 33 percent, for a 67/33 percont
starch/aluminum composition,

Table 1. Computed Chapman-Jouguet Detonation Characteristics for 67/33 Weight Ratio Starch/
Aluminum Alone and with Various A mountu of Nitroguanidine Additive at a Density of 1.0 Mg/m

67/33/00 3463 3.09 3.49 17.8
61/30/08 3343 3.73 3.78 204
65/28/17 3272 4.25 4.01 22.7
52/2b6/23 3206 4.40 4.05 23.4
45/22/33 3083 5.06 4.40 2.7

Table 2. Computed Chapman-Jouguet Delonation Characteristics for 67/33 Weight Ratio Starch/
Aluminum Alone and with Various Amounts of PETN Additive at a Density of 1.0 Mg/m®

Jereont ls.mmmm Pressure Yelocity Gag Volume
Starch/Al/PETN GPa knm/s mol/kg
67/33/00 3463 3.09 3.49 17.3
81/30/09 3427 3.85 3.84 20.5
55/28/17 3418 4.44 4.07 23.0
52/26/23 3403 4.89 4.25 26.1
45/22/33 3529 5.04 4.41 28.1
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In both cases all of the CJ characteristics
improved; i.e., detonation temperature, pres-
sure, velocity, and amount of gas, except in the
case of NQ where the tomperature decreased
with increased amounts of NQ. Figures 2 and
3 illustrate the influence on detonation product
species as a function of explosive additive, It ia
evident, that the slightly oxidizer-rich PETN
explosive causes much quicker combustion of
carbon to COthan does the fuel-rich NQ. Hence,
the addition of explosives to the carbohydrate-
metal compositions causes improvement in oxy-
gen balance by providing oxygen to the uncom-
busted carbon and hydrogen; preferentially for

L
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PURCENT NITNOJUANIBINE ABDITIVE

Figure 2. TIGER Code Compulations of the
Influence of Nitroguanidine Additive on u
Typical Mixture of Starch and Aluminum at
1.0 Myg/m® Regarding the Chapman-Jouguet
Product Species

the carbon to CO first, and then for the
hydrogen to H20 next, especially in the case of
the PETN, Species below 3 mole percent were
not included in these figures. Even at the high-
est levels of explosive addition; i.e., 50 percent,
there is insufficient oxygen to combust the
hydrogen, much less to combust the CO to COg.

For experimental purposes, use was made
of commercial nitroglycerine (NG) as available
in the pharmaceutical product absorbed on [}
lactose (LAC). Therefore, thermochemical
computations were conducted on this formula-
tion with various amounts of aluminum

FRROANT PRTH ADBITIVR

Figure 3. TIGER Code Computations of the
Influence of PE''N Additive on a ’I‘ypwal
Mixture of Starch and Aluminum at 1.0 Mg/im®
Regurding the Chapman-Jouguet Product
Specles

Table 3, Chapman Jouguet State Computations for LAC/ING/Al Compositions at a Density of
1.0 Mg/m Using the Tiger Code
itign > Temporature Prossure D i loci
LLAC/NG/AI K MPa m/s
— 100.0/00.0/00.0 1703 3948 4087
90.0/10 0/00.0 1806 4965 4563
85.6/09.5/06.0 1890 5710 411
81.0/08.0/10.0 1870 5684 4655
76.6/08.5/15.0 2321 5668 4619
72.0/08.0/20.0 2660 5396 4427
67.5/07.5/25.0 3022 6073 4199
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additive. Table 3 illustrates the results of
these computations, from the carbohydrate
alone to 75 percent of the 10/90 percent
NG/LAC and 25 percent aluminum,

As was indicated earlier, note that the
carbohydrate alone is theoretically (thermo-
dynamically) capable of detonation. For the
aluminum additive, it appears that CJ pres-
sures and velocities hecome optimized at about
5 percent, degrading considerably beyond about
15 percent. The temperature, of course, contin-
ues to increase with increase in aluminum, as
would be expected, due to continued increase in
the formation of highly exothermic Al20j3,

Hence, computations indicated that about
5 percent aluminum and no more than 15 per-
cent “vas optimum for the aluminum additive,
whereas explosive additive improved without
such optimum level, to the extent investigated
at H0 percent explosive. Since it was desired
thai the amount of explosive additive be mini-
mized, eventually no explosive additive would
be desired based on the critical conditions for
achieving detonation in carbohydrate-metal
compositions, Later, in carbohydrate-metal-
oxidizer compositions, the least amount of
explosive that would provide sufficient sensiti-
zation of the compoaition to achieve detonation
was desired. However, the influence of various
explosive additives on the computed CJ
characteristics had to be considered. Therefore,
computations were conducted using glucose as
a typical carbohydrate with various explosive
additives; e.g., NQ, NG, PETN, RDX, and
HMX. The results indicated essentially very
little variance in detonation characteristics in
regard to the type of explosive. In all cases, the
temperature continued to increase in the
region investigated; i.e., up to 25 percent
explosive, whereas both pressures and veloci-
ties appeared to peak in the neighborhood of 10
to 156 perceni explosive additive. This was
especially fortuitous, since the experimental
composition that was to be used in this
investigation was 10 percent NG. Neverthe-
less, it was of interest to assess the amount of
NG as a variable with the amount of
aluminum to be added. Figures4 through 6
illustrate the results of these computations.
The amountof NG provides improvement across
the whole region, except at the higher levels of

aluminum, wherein the amount of NG makes
little difference. In Figure 4, at 10 percent NG
and 10 percent aluminum, a near optimum
condition for detonation velucity is achieved.
In Figure 5 temperature, as usual, increases,
although here it maximizes at about 40 percent
for all levels of NG additive, Figure €, which
illustrates the most important characteristic,
indicates a maximum of 10 percent aluminum
with no substantial improvement with
increased amount of NG. This {urther con-
firmed that the 10/90 percent NG/LAC was
near optimum, and that 10 percent aluminum
would also be near optimum, These computa-
tions provided the basis for the subsequent
experimenial investigation,

EXPERIMENTAL
INVESTIGATION

The experimental investigation was
conducted using two types of experiments:
(1) confined “pipe” tests to assess the detona-
bility of the compositions in terms of go/no-go of
detonation, as well as establishing detonation
velocities and pressures; and (2) large-scale
blast-pad experiments, wherein blast outputs
were monitored to establish relative outputs of
the compositions in comparison to standard
explosives, such as TNT.

Conflned Diagnostic Pipe Tests

Figure 7 illustrates the “pipe” apparatus
that was used to evaluate the detonability of
candidate explosives, as well as to measure
both detonation velocities and pressures at
mulsiple incremental stations over an extended
distance; i.e., 304.8 mm. This experimental
technique, which was developed and described
many years ago by IITRI,® is an excellert
diagnostic device for evaluating the detona-
tion, as well as deflagration, characteristics of
explosives and pyrotechnics. The size of the
device is made sufficiently long to establish
steady-state propagation velocities, if they
exist, and the diameter can be varied to
evaluate critical diameter effects. Typically,
the device is 25.4 mm in diameter and
304.8 mm long. The collocated fiber-optic
light-detector probes and carbon-resistor shock
arrival-time/pressure gauges are located at
multiple stations along the length of the tube,
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Figure 7. Schematic of the IITRI-Developed Apparatus for Characterization of Detonation or
Deflagration in Explosive and Pyrotechnic Compositions with Emphasis Upon the Reaction Flame

and Shock Fronts

and provide information regarding the detona-
tion/deflagration velocity, induction time,
pressure, and presence of instability or
transition of the reaction process; or steady
propagation velocity, as the case might be. The
light-detector sensors respond to the flame
front (and reaction duration) of the reaction,
while the pressure gauges respond to the
shock/pressure front. Since the flame- and
pressure-front sensors are collocated, induction
times between the two fronts can be assessed.
An extended reaction zone, generally quite
lurainous, is also observed when present but
may complicate the resolution unless the moni-
toring stations are sufficiently separated or are
monitored on individual channels. In the
experiments discussed here, the light-detuctor
stations were 101.6 mmn apart, and their
responses were monitored on two channels; i.e.,
the odd-numbered stations were monitored on
cne channel, and the even-numbered stations
on the other channel. lence, un each channel
the distance between consecutive stotions was
208.2 mm,

The use of the carbon-resistur gauges tn
determine Jdetonation pressures has been
previously described,® but considerahle present
effort is heing conducted to better quantify the
responses, as well as tc develop better
utilization of thaso gauges for high pressure
output explosives. Their present use for the
work described here is based on calibration
procedures using Composition C4, RDX, and
NQ, and will be publiihed in the near future.
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Although illustrated in the figure of this
apparatus, the continuous-velocity probe was
not used in the present work. Initiation of
detonation i3 generally attempted using con-
ventional detonator and booster pellets, but
further augmented by using one or more sheet
explosive discs of Detasheet®, as needed, of the
same diameter as the I.D, of the tube.
Overdrive or underdrive is readily identified
from the light-detector signals,

As discussed earlier, for expediency the
pharmaceutical formulation 10/90 percent
NG/LAC was used as is, and additives,
therefore, caused the amount of NG to vary
accordingly; i.e., the ratio of NG to the LAC
always remegined unchanged. Hence, by add-
ing 10 percent flaked aluminum powder to this
inaterigl, the ¢verall percentages became as
" .ye: aluminum, 1C; N@, 9; and LAC, 81,
Ti.s eomposition was tested in the apparatus
des2rtbed here, and detonaied with stable
vel- ity of about 2500 m/s. Figure 8 illustrates
the light-deiector output signals obtained
using the fiber-optic probes, which are then
plotted incrementally in Figure 9. It appears
that the detonation was initially underdriven,
and accelerated to a stable velocity.

In another test, a composition containing
a b-percent additive of aluminum was simi-
larly tested. Figure 10 illustrates the stable
detonation velocity observed in this case. It
became quite stable at about 2000 m/s, and
appeared to be initially slightly overdriven by
the iuitiation charge. In this test, the actual
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Figure 8, Example of Fiber-Optic Light-Detector Probe Signals Obtained in the Detonation of 10/90
Percent NGILAC with 10 Percent Aluminum Powder Additive in the Delonation/Deflagration Tube
Apparatus Hlustrated in Kigure 7
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Figure 9. Incremental Velocities Obtained from the Fiber-Optic Light-Detector Probes for the
Detonation of 10/90 Percent NG/LAC with 10 Percent Aluminum Powder Additive at a Density of
1.0 Mg/m® Tested in the Tube Apparatus Hlustrated in Figure 7
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Figure 10. Incremental Velocities Obtained from the Fiber-Optic Light-Detector Probes for the
Detonation of 10/90 Percent NG/ILAC with § Percent Aluminum Powder Additive at a Density of 1.0
Mg/m?® Tested in the Tube Apparatus lllustrated in Figure 7
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composition percentages were: aluminum, 5,
NG, 9.5; and LAC, 85.5. A composition contain-
ing 15 percent aluminum failed to detonate.
Hence, another test was conducted with a com-
position that contained 12,5 percent aluminum,
In this case, an incipient detonation occurred,
but failed by the third monitoring station.

Chemical equilibrium TIGER code
computations for the 10 percent aluminum:i
10/90 percent NG/LAC composition at 1 Mg/m
predicted a detonation velocity of 46556 m/s,
which is about double the value obtained
experimentally. i is highly probable that the
test condition of onfy 25.4-mm diameter was
subcritical, and although a stable detonation
velocity was obtained, it was not the CJ
condition, Further studies in larger tubes will
he required to resolve this,

Nevertheless, detonation was obtained in
both the compositions containing 5 and 10
percent aluminum additive. The composition
containing 10 percent aluminum provided
superior velocity and pressure. It is quite
possible that, although the finest aluminum
powder, Le., flaked aluminum at 5 to 4 m%pg
surfuce-to-mass ratio, was used (which would
be equivalent to spherical aluminum particles
of loss than a micron diameter for the same
surface-to-mass ratio), all of the aluminum
powder was not available to the detonation
regime. This will also require further study.

Large-Scale Blast-Pad Test

Although detonation of the carbohydrate-
metal composition was achieved, albeit sen-
sitized with NG additive, it was not known how
much energy was in fact released or to what
extent the carbohydrate-metal components
were involved, Therefore, a large-scale uncon-
fined blast-pad test was conducted, using
4.165 kg of the same composition of 10 percent
aluminum and 90 percent NG/LAC. The com-
position was placed in a cardboard cylindrical
canister of 177.8-mm 1.1, and about the same
height. Implosive initlation was achieved
using two wraps of C! Detasheet®, in turn
initiated with a wagon-wheal Detasheel® on
the top of the charge. Hence, the total weight
of the initiation churge was 371 g. Although
thig is a consideruble amount of initiation
charge, it was believed that such amount and
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an implosion method of initiation might be
necessary because of the anticipated insensi-
tivity of this composition, especially in the
unconfined condition,

A high-speed 16-mm color film Photec
camera was used to monitor the results, in
addition to the blast pressure, impulse, and
arrival times obtained from the piezoelectric
PCB pressure transducers located in the blast-
pad facility, The composition did detonate,
generating a spall from the center of the 25.4-
mm thick steel plate upon which the charge
had been placed. Such spall could only occur if
the total composition detonated; i.e., not simply
the outside wrap of Detasheet®. However, it
was algo evident that considerable energy
release occurred after the detonation, as a huge
orange fireball appoared. This is consistent
with the analytical predictions, and indicative
of the vast amount of hot carbon generated.

The blast data from this test are plotted
in Figures 11 and 12, and compared to those of
& TNT hemisphere, as functions of scaled
distance. It i8 apparent that the blast
pressures were comparable to those of the
TNT, especially close-in to the charge, but that
the scaled impulses were well below those of
the TNT. Nevertheless, these results are very
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Figure 11. Blast Pressure Comparison for the
Detonation of 10/90 Percent NG/LAC with
10 Percent Aluminum Powder Additive at a
Density of 1.0 Mg/m® and Cast TNT
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Figure 12, Blast Scaled Impulse Comparison
for the Detonation of 10/90 Percent NG/LAC
with 10 Percent Aluminum Powder Additive at
a Density of 1.0 Mg/m?3 and Cust TNT

encouraging, especially since no effort was
. made to compensate for the extremely fuel-rich
condition of this composition. Such effort is
presently underway, and some preliminary
information cn these studies is included here,

Improved Stoichiometry Using
Ammonium Perchlorate

Although it was established that, under
the compromise of sensitizing with a small
amount of explosive powder, the carbohydrate-
metal compositions were capable of detonation,
both components are indeed excellent fuels,
Therefore, in order to assess the potential of
these compositions as ingredients Lo insensitive
explosives, some experiments were conducted
using various amounts of AP additive. This
work is currently in progress, and results will
be published at a future date. However, some
preliminary results are included here.

Several tests were conducted with the
standard NG/LAC/Al with percentages of
8/81/10, respectively, to which 15, 30, and
45 percent AP was added. These compositions
were nominally at a density of 1.0 Mg/m?, and
achieved detonation velocities between 3500
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and 4000 m/s with accompanying detonation
pressures of nominally 10 to 20 GPa.

A large-scale test was also conducted,
using 4.185 kg of the standard NG/LAC/Al
composition, to which 40 percent AP was.added.
This test was also conducted upon the blast-
pad to monitor blast output. The test was
conducted in an identical manner as the
previously described large-scale test without
the AP. The output of this detonation, as
expected, was substantially greater than in the
case of the test without the AP, Figures 13 and
14 provide a comparison of this test with the
former test, Figure 13 illustrates the hlast
pressures that were obtained for both testi;-..
and Figure 14 illustrates the scaled impulse for
both tests; plotted as functions of scaled dis-
tance in both cases. As these are logarithmic
plots, it is evident that the composition with
the AP provides very substantial improvement
in both blast pressure and impulse, In fact, the
improvement of the composition with the AP is
better than twice the effective equivalence for
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Figure 13. Blast Pressure Comparison for the
Detonation of 10/90 Percent NG/LAC with
10 Percent Aluminum Powder Additive (TF18)
and the Same Composition at 80 Percent with
40 Percent AP Additive (TF21), Both at
Nominally 1.0 Mg/m®
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Figure 14. Blast Scaled Impulse Comparison
for the Detonation of 10/90 Percent NQ/LAC
with 10 Percent Powder Aluminum Additive
(TF18) and the Same Composition at 60 Per-
cent with 40 Percent AP Additive (TF21), Both
at Nominally 1.0 Mgim®

DISCUSSION

The detonation of carbohydrates with
metal additives appears to be feasible, and was
achleved in this work by sensitizing the
compositions with a small amount of explosive
(for expediency NG, although it is believed
that comparable results would be obtained
with most molecular CHNO explosives). Both
NQ and PETN have been previously used to
sensitize pyrotechnics, such as aluminum-
potassium perchlorate and Teflon®-aluminu.a,
to achieve detonation in confined pipe tests
gimilar to those described in this work.®
Hence, although these carbohydrate-metal
compositions have the potential to be useful as
insensitive explosives, or as components of
insensitive explosives, they no doubt have very
large critical diameters and require very high
thresholds for stimuli to achieve detonation,
Furthermore, starches and sugars may not be
the most advantageous candidates in the vast
domain of carbohydrates, and factors such as
stability and particle size must be considered.
Particle gize has not been emphasized here, but
it is probably the major factor that influences
the potential detonability of the compositions
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discussed in this work, as well as in typical
fuel/oxidizer composite explosives.”

Further work is required, and is, at
present, underway. The carbohydrate-metal
compositions, alone and with oxidizer additive
to improve the fuel/oxidizer balance, are
expected to form the basis for novel categories
of insensitive explosives, with perhaps an
added advantage of more powerful explosives.
However, the bulk densities of these com-
poaitions are presently too low to provide the
anticipated performuance that would be
obtained at densities comparable to typical
high explogives, such as RDX and TNT.
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DISCUSSION

H. GRYTING, Gryting Energetics
Sciences Gompany, San Antonio, TX

Can you indicate the reliability of detona-
tion of aucrose and aluminum mixtures with
and without ammonium perchlorate present?
Have you established any detonation limits for
such mixtures? Have you established the
amount of oxide coating on the aluminum you
use?

REPLY BY A.J.TULIS

We have not, to date, obtained sustained
detonation in sucrose and aluminum mixtures
without sensitizing with small amounts of
explogive powder, probably due to the tre-
mendous insensitivity (and associated critical
diameters) of these mixtures. With the
presence of ammonium perchlorate, we have
qualitatively achieved detonation, but it is not
known to what extent the detonation was
driven by the aluminum and ammonium
perchlorate irrespective of the presence of the
carbohydrate.

[ \\l .

Detonation limits for' f dl ind oxidizer
powders are not specilic, being Nn¢$ions of
particle size, for instance, and partiole gize
distributions. Our. studies o date have been
concerned with the. fea#lbility of \achieving
detonation and the paramters, thaﬁ 4re most
critical, such as patticle wize.in relation to
homogeneity and stoichlométry, ' We do not
anticipate determining specmc detonation
limits excopt as establithed in'this work for
the case of Aluminum additive to the NG/LAC
compositicn, and this was dependent upon:the = !
apparatus, particle size/geometry of the
aluminum powder, and confinument and pipe
diameter., Furthermore, the influence of
density has not been investigated.

The manufacturer of the ﬂaked alumi-
num usged in this work quotes a 3 percent by
weight aluminum oxide coating. The thickness
of the aluminum oxide coating, of course,
degrades the probability of detonation as well
as degrading performance.

DISCUSSION

D.F. ALDIS, Lawrence Livermore
National Laﬁoratory, Livermore, CA

Do you have any experimental results
with aluminum and starch?

REPLY BY A.J. TULIS

We do not have any detonation results
with aluminum and starch; in 25.4 mm diam-
eter Bteel pipes such compositions deflagrated
violently. At present, we are experimenting
with aluminum and starch sensitized with
PETN, RDX, and nitroguanidine powder. The
problem rests with obtaining starch of asuffi-
ciently small particlo size,
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A REVIEW OF PARAMAGNETIC RESONANCE PRODUCTS

IN CONDENSED PHASE ENERGETIC MATERIALS

M. D. Pace
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Washington, D. C. 20375-8000

Since 1980 siudies of free radical formation in condensed phase
explosives and propellants have expanded. As a result, free radicals
have been detected in most well-known energetic materials including
RDX, HMX, TATB, tetryl, TNT, and nitroguanidine. Researchers at
F, J. Seiler Research Laboratory (FJSRL), the Army Armament
Research and Development Center, and the Navul Research Laboratory
(NRL) have coniributed to much of the curreni literature. Reporis of
work by these Laboratories have appeared in prior Proceedings of the
Symposium (International) on Detonation, Many additional reports by
these and other researchers have been published in the scientific
literature. In this review, the detection and identification of free

radicals in energetic materials is summarized and discussed.

INTRODUCTION

This review covers papers from 1871 to
1088 describing the analysis of free radical
products in condensed phase energetic matori-
als. Free radicals are paramagnetic having an
electron spin quantum number of 8 = 1/2,
Most studies of free radicals in the condensed
phase (including crystals, powders, and solu-
tions) have detected free radicals by using cw
olectron paramagnetic resonance spectroscopy
(EPR). The spectra derived from cw EPR are
used to determine a free radical's structure,
Dynamics of the electron spin system require
time-resolved pulsed experiments yet to be per-
formed.

Free radicals may be produced in con-
densed phases by electron transfer reactions or
by fragmentation of purent molecules during
photolytie, thermal, or shock initiation, This
review s divided into these three categories of
initiation, This review is not comprehensive.
In particular, the vast amount of material of
photolysis of nitroaromatics in solution is not
covered, Instead, selected papers are included
whose references load to most other literature
on this subject. Some references are included
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in the soction entitled Shock Initiation, which
do not report experimental detection of free
radicels, but allude to their formation,
Tables 1 and 2 show structures of the mole-
cular and free radical products which are
referenced by Roman numerals,

PHOTOLYTIC INITIATION

The number of papers on free radicals in
energetic materials has increased since 1980,
however, several key papers were published in
the period from 1970-1980. Early studies
recognized that photochemical decomposition
of RDX produces free rudicals. In studies by
Stals and co-workers,! powder samples of RDX
were irradiated with y-radiation or by 254-nm
light yielding evidence ol paramaynetic NOy
and other unidentified free radicals, The EPR
spectra generated at 77K were invariant to
added amounts of NO, NOg, aiv! Oy during the
photolysis. Mechanisms of decomposition were
suggested (rom these resulis. However, in
these studies only paramagnetic NOy was
specifically identified. During the same period
two additional papers appeared which reported
similar findings for other nitramines. Bodnar
and Rowell? give one of the first reports of




nitroxyl free radicals formed in nitramines as a
result of uv photolysis. In this study, nitroxyl
radicals were produced for a series of cyclic
nitramines including N-nitropyrollidine, nitro-
piperidines, N-nitromorpholine, and eyeclic di-,
tri-, and tetra-nitramines including RDX and
HMX. Their study found that at room temper-
aturo uv-irradiation of single erystals produced
datectable free radicals in these compounds
except in RDX and HMX where irradiation led
to degradation of the crystals, but no detect-
nble EPR signals. Ultraviolet irradiation of
solution phases produced nitroxyl radicals at
roon):{ temperature for RDX (I), but not for
HMX,

Another paper by Darne: and Paviot?
reported results for uv photolysis of RDX and
HMX in acetonitrile solution. These research-
ers used !N-labeled and deuterium substi-
tuted RDX and HMX to deduce the structures
of the nitroxyl radicals. They also reported
that the irradiation of RDX solutions produced
three succeasive paramagnetic species whoase
appearance and decay depends upon temper-
ature. The radicals are assigned us a cyclic
nitroxy! radical (J), an unidentified radical
with a spectrum similar to that observed for
thermal decomposition of neat RDX near
200°C, and & third radical ([X). HMX wae
found to produce only a nitroxy! radisal (1]
and ]V) providing evidence of different
decomposaition pathways of these two nitra-
mines. Researchers at FJSRL showed that
uv-photolysis of RDX and HMX in dloxane
solution produces identical nitroxyl radicals to
those reported in Reference 3.8 Photolysis of
N,N'-dimethyi-dinitroxamide produced the
radlcul with structure X in Table 1. Photolysis
of dimethylnitramine in acetonitrile was found
to produce (CHg)NO:* radicals. A study of
photolyzed single crystals of dimethylinitra-
mine wu later reported by Owens and Vogel in
1976.4

The initial findings of Stals that NOg is
produced in photolyzed RDX powder at low
temperatures was further investigated by
researchers at NRL. Single crystals of RDX
and HMX photolyzed with broadband uv-light
at 77K are shown to have ordered orientations
of NOgq in these crystal lattices. Different sites
corresponding to loss of both axial and

equatorial NO Oz groups were assigned to the
RDX results.!® HMX has higher molecular
symmetry and loss of NOg due to dinoclat.lon
of the N(3)-N(4) bond was assigned.3 NOj
production was further investigated in solu-
tion. RDX, HMX, and Nitroguanidine dis-
solvad in DMSO and DMSO-dg were shown to
undergo a complex uv-initiated decomposition
reaction to form an adduct radical with the
deuterated solvent (VIID.2® A different free
radical was observed from RDX uv-irradiated
in DMSO (). HMX and nitroguanidine did
not produce detectable EPR signals in DMSO
during uv-photolysis.

There are several energetic materials in
which stabilized free radicals are observed at
room temperature. Salt crystals of nitro-
guanidine yield detectable levels of NOg and a
second radical (X1Y) when irradiated with
x-radiation at room temperature. These struc-
tures ware correlated with the reported crystal
structures.3® A crystalline phase matrix iso-
lated radlcal (YD) is observed by uv-irradistion
of tetryl.3! This radical is stable at room
temperature, but has a complicated set of
single-crystal EPR spectra, In further studies
of tetryl at NRL, we have observed that
crystals of tetryl exposed to visible light for
several months also contain the same radical,
stable at room temperature. An attempt to
analyre the complicated EPR spectra is in
progress,

The photochemical decomposition of TNT
and related compounds has been studied by
FISRL.!! Photolysis of TNT in dioxane pro-
duced three types of radicals: a radical anion
(XVID, a hydrogen-addust radical (XV]), and a
solvent-adduct radical (XY). The radical anion
was produced immediately upon irradiation.
The formation of XV]I was attributed to decay
of the hydrogen-adduct species which was
observed by the photolysis of TNT in diethyl
ether. Photo!ysis of the related compounds
nitrobenzene and p-nltrotoluene yielded sol-
vent adduct radicals. Owens?® later investi-
gated the formation of uv-induced radicals in
TNT and DNT powders. The complicated
powdor spectrum and a five-line solution phase
spectrum of the radical extracted into benzene
led to aulgnment of a nitroso anion radical
specles (XVIID.2* Similar studies of TATB
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Table 1. Nitroxyl Radicals of Energetic Materials

Designation  Structure Parent Means of
in Text Compound Initiation
1 A RDX uv

e,x'"v"'\so, thﬁrmal
1 :Ti‘fz RDX-dg uv
o, ?ﬁ.‘uo,
m ...,  HMX uy
uod ' thermal
v R HMXedg uv
R Rk
No.
v RN Dimethyl uv
i Nitramine
VI A S Tetryl uv
?n
vil 4 RDX-dg thermal
LT oY
viIl se-loyscr,  RDX/DMSO-dg  uv
X sewgern RDX uv
X o,nunu.."cl-.ﬁ..?—u.'.o N'N"dimoth)q uy
d o any dinitroxamide
XI @"@ 'PNT thermal
xn thermal

0"

i TNT/TNE

Phase* Temperature® References

sulfolane
acetonitrile

DMSO-dg

DMSO
sulfolane

crystal
DMSO-dg

DMSO

crystal

sulfolane

DMSO-dg

acetonitrile

acetnitrile

kieselguhr®

kiesalguhr

RT
170°C

RT

RT
190°C

RT

RT

RT

180°C

RT

RT

RT

240°C

240°C

2, 3, 20,
21,29

3, 21

2,8,24

3,31

28

20

32

32

*The condensed phases are indicated as the medium in which the free radicals are detected.

Solvent names are indicated for solutions, and crystal or powder for solids.

b Temperatures at which free radicals were observed are listed.
¢ Kieselguhy is an inert powder.

989




Table 2. Other Free Radicals of Energetic Materials

Designation  Structure Parent Means of Phase®* Temperature® References
in Text Compound  Initiation
XII vo RDX,HMX uv erystal RT, <RT 1,6,7,9,
' TNT,NGQ*'C1 powder 18,185, 268
X1v “-"'E:“' NQ*CI x-ray crystal RT 26
?
XV A nitrobenzene uv dioxane RT 11
Y dinitrobenzene
Hy
LL g He
xvi N@:‘ TATB uv-vis  DMSO RT 10
t Tos NH,
OH,
XvII °'"~@"‘°' TNT uv dioxane RT 1
No.
Xvir o :°“',,°. TNT uv benzene <5C 23
NO™
XIX ::- p-nitro- uv HaO RT 33
phunylacetate
eNO,
XX  Cu(NHg)a' Cu(NHg)¢(NOg)g thermal  powder 160°C 16,17

2The condenued phases are indicated as the medium in which the free radicals are detected.
Solvent names are indicated for solutions, and crystal or powder for solids.

bTemperatures at which free radicals were observed are listed.

have shown the formation of a hydrogen adduct  contains a single nitro group, has been shown
radical in uv-irradiated powders (XVD.!® In  to produce an anion radical in uv photolyzed
related studies p-nitrophenyl acotic acid, which  solutions (X1X).48
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Some general observations are that RDX
and HMX undergo different photolysis decom-
position mechanisms as shown, for example, by
References 2 and 16. Another significant point
is that different EPR spectra are observed in
the solution phase photolysis studies of TNT
versus the spectra observed by thermal decom-
position of TNT. However, the nitroxy! radical
originally postulated by Stals as occurring
near the melting point of RDX has been
observed in thermal decomposition studies as
described in the next section,

THERMAL INITIATION

Two of the most widely studied energetic
materials are RDX and HMX., Past studies
have investigated the end products of pyrolysis
or thermal decomposition pathways. Some
initial pyrolysis studies of HMX used matrix
isolation to detect condensed NOj3 as a by-
product of the pyrolysis.” The procedure used
by these researchers consisted of heating HMX
slowly in a constant temperature sandbath or
heating HMX rapidly with a flame or quartz
iodine lamp and then condensing the gaseous
products in a frozen argon matrix at 15K
where spectra were recorded. Their results
detected NOg and (NCg)g a® products of the
rapid heating by the flame and NOg and
CHgN+ au products of the slow heating.
These findings were significant, but only
gaseous products from thermal decomposition
of HMX were detocted.

Since 1980, research has uddresssd real-
time condensed phase thermal decomposition
mechanisms. In three separate studies, free
radicals in RDX have been shown to correlate
with temperature as RDX was heated from
room temperature to 200°C, These studies
inelude neat RDX, RDX in solution, and RDX
in molten TNT. Tho firet report was by
researchers at FJSRL.2 Thermal decomposi-
tion of neat RDX was found to produce a free
radical spectrum from the molten phase near
200°C. A steady-state concentration of the free
radicals can be detected for several hours from
a single 100 mg sample at a constant tem-
perature of 196°C. At NRL this result was
reproduced and experiments of RDX in
solution with sulfolane, a viscous high bolling
point solvent, provided additional results.

Dilution of RDX in this viscous solvent reduces
the diffusion rate of the molecules. At 170°C,a
gignal was détected which corresponded to the
identical nitroxyl radlcal observed in solution
photolysis studies ([).2! The radical is con-
sistent with leas of NO from the parent RDX
molecule. At 190°C the nitroxyl radical
decayed and a free radical identical to that
reported by FISRL in neat RDX near 200°C
was observed.’ Experiments were repeated
with the same conditions using {sotopically
labeled RDX-d¢ and RDX-!8NOg in sulfo-
lane.2® The rosults were consistent with
assignment of the radical spectrum at 190°C to
a nitronyl nitroxy! radical (VII). This assign-
ment requires further work to be conclusive.

The observation of RDX free radicals has
been reported using different experimental
conditions. RDX in molten TNT is observed to
form 8 different free radicals when heated at a
constant temperature of 145°C.}1213 The first
radical formed within seconds of heating and
was assigned hyperfine couplings of
ay=.98mT and ay=.3mT with four equivalent
proton couplings. A second free radical species
having a spectrum identical to that in molten
RDX at 196°C appeared after 50 minutes at
145°C. A third radical was aseigned as NOj.
The third radical's formation was found to
correlate with the decay of the second species
suggesting that NOg is derived from the
decomposition of the second species. The
overall experimental evidence suggests that
the RDX 1nolecule thermally decomposes by a
stepwise process with the molecular rings
intact up to 200°C,

Similar thermal studies of HMX reveal a
different behavior. When neat HMX is heated
to its decomponltinn, only one free radical EPR
signal is detected.? When HMX Is heated in
solution with sulfolane, a nitroxyl radical (L)
spectrum similar to that observed in photolysis
studies is observed.2 The significant differ-
ence, as compared to RDX, is that no secondary
free radical was observed.

Attempts huve been made to use the spin
trapping technique to identify the free radicals
observed during thermal decomposition of
RDX. In a study using four different spin
traps, adduct radicals were detected at
temperatures well below the decomposition
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temperatures of RDX (110°C-150°C), but no
assignment was made due to linebroadening,27

In more recent studies of TN'' thermal
decomposition, adduct radicals have been
shown for the first time o form by intermele-
cular coupling.3% This study by McKinney,
Warren, Goldberg, and Swanson shows that
neal TNT or TNT in the presence of hydrogen
donors (such as hexamethylbenzene) forms
intermolecular nitroxyl radicals (X] and X1I).
The TNT or TNT/H-donor mixtures had to be
dissolved into a matrix of kieselguhr in order
tc observe the signals. The mechanism sug-
gested by their findings correlates closely with
the mechanism of photolytic decomposition or
nitramines which undergo proton transfer.

SHOCK INITIATION

Shock or impact studies of energetic
materials provide information of the origin of
hot sputs, the propagation of hot spots, and the
sensitization of energetic materiala during
handling. Fleld and co-workers'® have
described how viscous heating, frictional
heating due to mechanical shear, and adiabat!c
compression mechanisms of energetic
materials during impact can create hot spots,
Studies of Kamlet and Adolph® have shown
that impact sensitization of organic high
explosives correlates with the thermal
decomposgiiion processes gencrated by impact.
In support of this, recent progress has been
made toward identifying diamagnetic reaction
products formed near hot spot remnants of
impacted TATB.%% These are furoxan
derivatives of TATB which are more shock
sensitive than TATB. As discusced in
Reference 34, tho discovery of furoxan
derivatives provides additional evidence that
thermal procesces are significant in impacted
explosives since furoxans are observed during
slow thermal decomposition of TATH.
Paramagnetic products of impacted TATH
have also been detected.® In this study,
fuemation ¢f NO2 was observed from semples of
shocked TATB. In other studies, TATR was
found to form free radicals by mechanical
grinding and by shock initiation. Studivs of
Miles, Gusiaveson, and DeVries in 1983
showed that mechanical grinding and impact
of TATB al room temperature produces a
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significant. increase in the free radical EPR
signal of TATB.?2 Evidence of shock damage in
RDX, TNT, and ammonium nitrate was also
detected. When subjected to shocks of 20-
40 kbars paramagnetic products in TNT and
RDX were observed at room temperature.®
These results provide direct evidence that a
shock less than necessary to cause detonation
can break or alter internal molecular bonds.

Explosives may also be desensitized by
shock., Impact formation ofnitroso-daﬂvativos
of RDX have been reported.’ The
trinitroso-derivative of RDX has baen shown to
be less shock sensitive than RDX.!'® In
unpublished thermal decomposition studies at
NRL, we have observed that the
trinitroso-derivative of RDX. does not form
nitroxyl radicals under the same
decomposition conditions as RDX, This may
help to explain the absence of an NO; EPR
signal from RDX samples subjected to shock
pressures less than 4 kbar since formation of
nitroso~denvutives leaves the N-N bonds
intact,'* (Shock pressures of 40 kbar do
produce EPR signals in RDX.®) In shock
studies of inorganic explosives, Owens!817 has
shown that copper tetramine nitrate converted
completely into copper diamine nitrate during
shock loading.

SUMMARY

In general, nitramines are found to form
free radicals by fragmentation pathways,
whereas nitroaromatics tend to form adduct
radicals. Detection of free radical products
produced by shock has not been as extensively
studied as photolytic or thermal initiation of
free radicals in energetic materials.
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" DISCUSSION

JACQUES BOILEAU
SHPE, Paris, France

[s it interesting, in ovder to understand
some mechanisms, Lo use oligomers free
radicals. such as disclosed in the German
Symposium in Freiburg/Breigan, FRG in
March 19887

REPLY BY M. D. PACE

Dimerization-like mechaniams have
recently baen shown to be important in radical
formation during thermal! decomposition of
TNT mixtures. Higher order oligomer forna-
tion ruay also be linportant, however, [ was not
aware of findings of the Freiburg Symposium.




PROPERTIES OF BIS (2, 2, 2, - TRINITROETHYL-N-NITRO)
ETHYLENEDIAMINE AND FORMULATIONS THEREOF

Dong Haishan
Southwest Institute of Chemical Material and Technology
P. 0. Box 513, Chengdu, Sichuan, CHINA

some other special applicationa.

Bis (2, 2, 2-T'rinitroethyl-N-nitroethylenediamine is a zero oxygen
balance explosive (ZOX) with crystal density 1.87 giem?, datonation
velocity 8970 M/S(p, = 1.842 glem®). 20X is characterized by its small
critical diameter, sensitivity to shock and exploding bridewire
initiation. It can be used in EBW dstonators, explosive trains, and

THE SYNTHESIS OF Z0X!

ZOX being an outstanding representative
of explosives based on nitroform (NF) was
synthesized first in 1952 by Avakyan in the
USSR, (The yield is 58 percent on NF).
According to Avakyan's procedure we synthe-
sized ZOX in 1962 and designate! it as 24
(Number 2 Explosive). Then we studied the
synthetic process carefully and developed two
new procedures:

¢ Adding ethylenediamine/formalde-
hyde condensation product to a solution of NF
in diluted nitric acid (NA), followed to nitrate
it by sulfurie/nitric acid mixture. The yield is
78 percent:!

CH3NHg¢ CH2-NH-CH30H
é + 2CH0—» é
HgNHgq H2-NH-CHq0H
Hll‘l()a
2H -NH-CHjp-
C(NOg)3 ?Hg NH-CH3-C(NOg)3
2HNOg CHg-Nlﬂ-CHQ-C(NOQ)a
HNO;4
o
HgS04 (?HQ-N-CHTC(NOQ)&
-2H30 CHQ-DII-CHQ'C(NOQ)Q
NOg

® Adding ethylenediamine/formalde-
hyde condensation product and sodium nitrite
simultaneously to acetylene nitration solution
composed of NF, NA, and a little mereury
nitrate as a nitration catalyat:

] + 2HC(NOg)s

NaNO3
Hg-NH-CH,OH HNOg

[cn,-nn-cn,on
+ 2
+ 2
NO
CHQ-hlI"CHQ-C(NOQ)a
Hg-l';LCHg-C(NOz)a
NO
o
HNOg . CHg2-N-CH3-C(NOg)3
Hq804 Hg-b'I-CHQ-C(N()z)a
NOg

Filtrating the precipitated Bis (2, 2, 2-
trinitroethyl-N-nitroso) ethylenediamine and
nitrating it to Z0X.

ZOX was put into produciion in 1969 in
China.

PHYSICAL PROPERTIES OF
ZOX*?

ZOX is monoclinic. It ceil parameters
aregiveninTable 1,




Table 1. Cell Parameters of ZOX Tho crystal donsity is 1.87 g/cma by direct
measurement. X-ray determination gives a

Length of unit cell edge A value of 1,88 g/em.3
a 5.9767 Its melting point is 179.2-181.5°C with
b 12.0146 decomposition.
¢ 11,8436
CHEMICAL PROPERTIES OF
Angle 97.171° Z0X
Molecules per unit cell 2 ZOX 18 relatively stable in acids, but

sensitive to alkalis, Reacting with NaOH
The data of its bond length and angles are  solution, ZOX decomposes to ethylene dinitra-
given in Figure 1 and Table 2, mine, nitroform sodium and formaldehyde:

' O'l
. [}
]
H! @ a ‘ Q4

3
2
> () L ~ O
O O
Oy

Figure 1. Molecule Constitution of ZOX

Table 2. Bond Length and Angle Data of ZOX

Bond Length (A) Bond angle (degree)

Ci-Cy 1.543 N2-0) 1.289 | £Cy-N;-Ng| 1149 | £03-Ng-N; | 118.1
Ci-Ny 1.482 N3 -0y 1.219 ZCi-N1-Cy| 1219 | £03-N3-O4| 1283
Nj -Ng 1.379 N3 -0y 1,206 ZN)-Cg-Ca | 1146 | £03-N3-C3 | 116.1
N;-Cy 1.432 Nj3-04 1.208 £C3-C3-Ng | 1119 | £04-N3g-C3 | 115.4
Cq-Cy 1.531 N4-Op 1.212 £LCy-C3-Ng| 1105 | £05-Ny-Op | 127.1
C3-Nj 1.523 N4 -Og 1.196 ZCy-Cy-Ng | 1125 | £C3-Ny-O5 | 115.8
Ca-Ng 1.829 Ng-Oy 1195 | £ZN3-C3-Ng| 1077 | £C3-Ny-Og | 117.2
C3-Nj 1.622 Ny -Oy 1.217 LN¢-Cy-Ng | 1088 | £07-N5-O4 | 128.6

-- - -- “- £0Oy-Ng-Og | 1248 | £0Oq-Ng-Cg | 117.7
tZ£01-Np-Ny | 117.1 £0y-Ng-Cy | 116.7
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o
Hg-N-CHgq C(NO3)s
Cl‘lg-l‘ll-Cl'iz C(NOg)3

NOg

+ NaOH sswrwees

?HQ-NHNOQ

+ (NOg), C = NOONa + CH30
CH3-NHNO;

ZOX is soluble in acetons, not NA and
dioxane, methyl and ethyl acetate; slightly
soluble in methanol, ethanol and acetic
anhydride; insoluble in water, ether, benzene,
toluene, chloroform, tetrachloromethane, and
dichlorocthane. It can be purified from ethyl-
acetate, nitromethane, NA, and dioxane, The
ZOX solutions in solvents containing carbuxyl
radical become yellow when heated for a long
time. The solubilities of ZOX in some solvents
are shown in Figure 2,

B
1T

Y 3
-
S ,Z
\
% ly'/ o
N

2 ('4 =
1Y - £y

0 4 w 0w m %
Temparatwre
1. Acetone

2. Methyl acetate
3. nitromethane O-dioxane
X-N A (98.7 percent)

Figure2. Solubility of ZOX

The combustion heat of 20X is
7.25 MJ/Kg (1732 Keal/Kg) and its formation
heat is 53.5 KJ/mole (12.79 Keal/ mole).

DETONATION PROPERTIES OF
Z0X3

Owing to ZOX's zero oxygen balance com-
position, it has a high detonation heat. The
calculated detonation heat is 1704 Kcal/Kg
and the measured is 1542 Kcal/Kg (6.456 MJ/
Kg) with a lpeci.ﬁc volume of its detonation
products 0,712 M%/Kg.

The detonation veloclty of ZOX s
8970 M/S (p,=1.842 g/em?, charge diameter
10 mm),

Its detonation pressure was determined
by aluminium free-lurface velocity measure-
ment with ¢ 100- X 80-mm charges initiated
by a plane wave lenl In view of the hazarde
invoived in the process of pressing 100-mm
diameter billets of pure ZOX, we formulated a
mixture of ZOX with the additives which are
the same as those of PB-HMX.9159 to measure
its Pgy. The experimental data are shown In
Table 3.

Stundard cylinder tests and plate push
teats were performed to evaluate the ability of
ZOX to accelerate metal. In the plate push test
a 100-mm diameter 80-mm-thick explosive
charge is initiated by a 100-mm diameter
Comp B/Baratol plane wave lens to push a
96-mm diameter, 2-mm-thick stee! plate. The
plate velocities U, at. 45 mm displacement are
meusured with a streak camera technique (see
Figure 3). Comparative results of three
formulations in cylindor test and plate push
test are given in Table 4. Thus the increase in
energy of Z0X over HMX is about b percent.

20X is characterized by its small ori-
tical diameter. A formulation of ZOX/silicon
resin (80/20) was tested. Its critical diameter

Table 3. Detonation Parameters of PB-Z0OX

Explosive polglemd). D(M/S) Pcyg(GPa) K
PB-Z0X-9158(95%Z0X) 1.840 881616 378 £ 0.3 2.79 + 0.03
PB-HMX-9159(95%HMX) 1.860 8862+ 17 36.8+0.2 2.97 +0.02
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1. Detonator
2. Booster
3. Lens
4. Steel Cane
5. Explosive
6. Plexiglass
7. Steel Plate
8. Cavity
9. Barium Nitrate
10. Plexiglass
11. Al Foil
Figure 3. Setup of Plate Push Test
Table4. The Energy Outputof PB-ZOX
Cylinder Test Plate Push Test
TD | p,_ | p/TMD [ E(18mm) | p, U 12Uk
Brploslve | (gom®) | @em®) | @) | ki@ | @emd | W9 | (Kuig
PB-ZOX-9159 1.855 1.802 87.1 1.722 1.840 4632122 | 10.73
PB-HMX.-9159 1.889 1.863 98.8 1.651 1.860 45871190 | 10.38
PBX-9404 1.865 1.841 98.7 1.620 1.840 4519131 | 10.21

in open channels of Al plate is 0.2 mm, ZOX
used in the formulation was prepared by add-
ing its acetone solution to cool water with rapid
agitation, But thermostability of so obtained
ZOX Is exceedingly decressed (see next para-
graph). In order to obtain the explosive
mixture with qualified thermal stabllity,
normal ZOX (recrystallized from ethyl acetate,
NA or NM) must be used; under this circum-
stance the critical diameter of the formulation
is 0.7 mm,

THERMAL STABILITY AND
COMPATIBILITY OF ZOX

ZOX is the most stable of high explosives
based on NF. However, the compounds con-
taining the NF radical generally are less stable
than common nitrocompounds—which are
more closely related to the longer C-N bond in
the NF radical (1.528, 1.529, 1.522 A) than to
that of normal C-N (1.47 A),

Song Quancai et al. studied thermal
decomposition of ZOX (double recrystallized
from NM) with Bourdon glass barometer. They
found that the activation energy for 0.01 per-
cent sample decomponition in the temperature
range 70-130°C is 35.8 Kcal/mole and the times
needed for 0.01 percent decomposition (1g,014)
in 70-130°C are as listed in Table 5. The data
of initial decomposition velocity (W,) and half
life (v, 3,) in & higher temperature range (130-
170°C) are shown in Table 8 where the data of
PETN (double recrystallized from acetone) are
given for comparison,4

Table 5. Thermal Decomposition of ZOX

Temper- | 70 85 | 100 | 115] 130
ature
°C)

10,01%
(min)

65760 | 7428 | 1212 | 567 | 28.2
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IT"E%GV 8. Initial Decomposition Velocity Wo(ml/min. gramm) and Halflife 1o , 5 ( mih.) of ZOX and

T(C) 130 140 | 145 150 158 160 165 170
Wo %5 [T.8|Wo| Wo 15 |W Wn To.8 Wo | Wo .t
ZOX [0.001 9540 | - | -~ |0.032 4405 | - (0090 1108 | -~ |0.30 26.0
PETN - - - |0.58|1.1 - 2.0 |85 o~ |62} - -
Table 7. Experimental Data of ZOX, PETN, Tetryl in VST, BGET, CRT and TG
VST 120°C, BGET 120°C, CRT150°C, TG100°C,
Explosive 48 hrs., ml/5g 48 hrs,, ml/ig 2 hrs,, ml/1g 48 hrs., %
ZOX (Indust, grade) 3.7 1.861 3.9 0.06
{ PETN (Indust. grade) >20 28.2 98.2 0.23
Tetryl (Indust. grade) 1.12 - 36.3 0.09

Table 8, Effect of Recrystallization Process on Thermal 3tability of ZOX

Sample No. ‘Process of Recrystallization VST 100°C, 48 hrs., ml/g
1 ZOX recrystallized from ethyl acetate-benzene 0.08, 0.24.
2 70X precipitated by pouring acetone solution 8.7
of sample No. 1 to cool water with agitation
3 PETN precipitated by pouring its acetone 0.842
solution to cool water with agitation '

The experimental results of ZOX, PETN
and Tetryl in VST, Qar Evolved Test in
Bourdon glass (BGET), CRT and TG are shown
in Table 7.

Therefore, the recrystallized ZOX is more
stable than recrystallized PETN. However,
ZOX precipitated by pouring its acetone solu-
tion to cool water with agitation owing to its
crystal defect is remarkably less stable than
PETN as shown in Table 8.

The compatibility of ZOX with related
materials is poor. Experimental data in VST,
CRT, BGET and DT-QC show that only a few of
binders and phlegmatizers, like silicon rubber,
fluororubber, and fluorographite (FG) are
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compatible with ZOX. Some VST data are
giveninTable 9.

SENSITIVITY OF ZOX

The results in the Drop weight impact
test and Kazlov friction test show that ZOX is
more sensitive to mechanical stimulus than
common explosives of interest. The compara-
tive results are given in Table 10,

It is very difficult to reduce the sensitiv-
ity of ZOX to low value. The sensitivity of ZOX
formulations to impact and friction can be
reduced enormously when composite phlegma-
tizers are used and some appropriate amount of
HMX is added. The sensitivity data of such a




Table 9. Compatibility Data of ZOX in VST (120°C, 48 hrs.)

Material ml/5g Mixture (1;1) ml/bg
20X 3.170 Z0X/nylon explode
Fasi4 1.16 Z0X/Fa314 4.15
Polyisobutylene 0.25 ZOX/PI1B 96.35
Silicon resin 2.65 20X/Silicon resin 2.60
Wax 0.55 ZOX/Wax 87.45
Table 10. Sensitivity of ZOX, HMX, RDX , PETN to Impact and Friction
20X RDX | HMX | PETN
Friction test Pendular angle 90°
(Percent of Explosion) Gage pressure 25Kg/em? 88% 4% 28% [ 32%
Pendular angle 90°
Gage pressure 40Kg/em? | 100% | 76% | 100% | 92%
Impact test Hammer weight 10Kg
(Percent of Explosion) Drop height 25 em 100% | 80% 100% | 100%
formulation B-01 (ZOX/HMX TATB/Fg3;; ACKNOWLEDGEMENTS

/Pg/Graphite/Wax = 70/22/ 4/ 2/0.5/0.5/ 1) are
shown below:

| Impact test | Friction test Hso
10Kg,25cm |90°, 40 Kglem? | cm
[0 -4% 4-16% 78

ZOX is more sensitive to mechanical
stimulus than common explosives of interest.
The comparative results are given in Table 10.

ZOX is more easily initiated by shock
wave and bridgewire than PETN and its
detonation builds up faster than that of the
latter.

Explosion temperature data (at 5 second
duration time) of ZOX and some other
explosives are given as follows:

Explosive ZOX | PETN | RDX
Explosion 232 2256 230
Temperature °C

The author wishes to thank Chu Shijin,
Zhang Xiaoyi, Li Guanglai, Hua Pinhuan, Han
Dunxin, Lu Xueguo, and Chen Qizhen for
measuring thermal stability data and
detonation parameters. The author also
wishes to thank Ye Huatang, Tang Yepeng, et
al. for their participation in formulation work.
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NTO DEVELOPMENT AT LOS ALAMOS

Lonnie B. Chapman
Los Alamos National Laboratory
Los Alamos, New Mexico 87548

NTO is an explosive with calculated performance near that of RDX but
with sensitivity approaching that of TATB. Poussible uses for NTO
would be as an allernative to RDX in formulations where a lower
sengitivily is desired or as an alternative to TATB where more
performance is required without a large increase in sensitivity, Efforts
have been concenirated on producing NTO and in testing the
performance and sensitivity of NTO and NTO formulations. Two-
hundred pounds of NTO have been produced and some performance
and genaitivity dala have been obtained. Work is being done to
determine the diameter effect for large-crystal-size NTO. Additional
work is being done to improve the small-charge diameter performance
of NTO by adding small amounts of RDX or by changing the crystal

size and/or crystal habit of the NTO.

INTRODUCTION

A new molecule, 3-nitro-1,2,4-triazole-5-
| one {NTO), was found in the literature!
without reference to its energetic properties.
NTO was first recognized as a potential
| explosive molecule and then synthesized by K.
‘ Y. Lee and M, 1, Coburn® at Los Alamos.

Small-scale sensitivity and thermal tests indi-
| cated thal, NTO was a very impact insensitive
| and thermally stable molecule. Preliminary

performance calculations also indicated that
the performance of NTO would be near that of
RDX. Based upon this preliminary informa-
tion, NTO was synthesized and tested in small
scale at L.os Alaumos. 'The performance of NTO
in these small-scule Lests was not as good as
the preliminary calculations indicated it
should be, therefore, larger quantities were
required for more extensive performance and
sensitivity tests as well as for development of
NTO formulations that might be useful in both
DOE and Dol) applications.

NTO SCALE-UP AND
PRODUCTION

NTO production begins by producing the
intermediate, 1,2,4-triazole-5-one (1'0). TO is
made by reacting semicarbazide HCl with

80 percent formic acid at 90 to 100°C as is
shown in Figure 1. NMR studies by Don Ott2
have shown that the reaction to TO is essen-
tially complete when the HCI gas evolution
stops and there is no need for extended reac-
tion times. It was also determined that some
HCI is needed to complete the reaction and
that semicarbazide alone without the HCI
stabilizer does not produce ring elosure to form
TO. TO batch production has been scaled up to
4 30-gal reactor with recovered product weight
of 16.62 kg at a 73.8 percent yield.

The nitration of TO to NTO is shown in
Figure 2, NTO reaction yield has averaged
76 percent when a mixture of nitric and
sulfuric acid is used to nitrate TO. The highest
yield (87.8 percent) was obtained when the acid
mixture was first added to the reactor and
brought to 80-70°C. The acid mixture contains
an 85:15 ratio of nitric to sulfuric acid (the
nitric acid concentration used is 70 percent
while the sulfuric acid is 98 percent). TO was
then added slowly, after the acid reached
reaction temperature.

NTO was produced in 5-kg batches with a
total recrystallized production of 47.7 kg
(104.9 Ib). Three 15-kg batches have also been
produced but have not beon recrystallized.
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/ _
1 N().,,
3-nitro-1,2,3-triszole-5-one
(NTO)

Figure 2. TO Nitration Keaction

TOXICOLOGICAL STUDIES ON
NTO ANDTO

'I‘oxncological studies have been done for
bot.h NTO* and the production intermediate
TO.5 Resulta of the tests indicate that neither
NTO nor TO prosent concerns of acute toxicity,
skin irritation, skin sensitization, or eye
irritation. In fact, the acute oral LD 50 for both
NTO and T'0 is greuter than 6 g/kg in rats and
mice, which Is considered only mildly or non-
toxic in both species.

DEFPARTMENT OF
TRANSPORTATION
CLASSIFICATION TESTS

Thermal stability and sensitivity tests
were dono at Los Alamos in order to apply for a
D.O.1\ shipping hazard classification. A heat-
ing test wus conductad for 48 hours at 75°C and
produced no evidence of decomnposition or dis-
coloration. 'I'wo ignition and unconfined burns
ware done with a single sample 2 x 2 x 2 inches
and another wus done with four samples end to
end. There was no delonation and burn times
oxcoeded 300 seconds, Impact sensitivity for
large-particle-size NT'O is much less than RDX
and near the height limits of the Los Alumos
drop-weight impact machine. The shock
sensitivity was tested by a confined-gap test
and results wore comparable to PBX 9502 in
the same test. A sample of bulk NTO was
detonated with u number-6 blasting cap.

Bosed upon the results of these tests,
NTO fits the criteria for a Class A explosive.
NTO hus notl received a permanent D.O.T.
classification at this time,

HIGH-SPEED-MACHINING TEST

Pure, pressed NTO and NTO cast with 50
weight percent, T'N'T have undergone high-
speed-machining tests, The standard test is
performed by drilling 40 0.250-inch diameter
holes into an explosive charge., The drill speed
is 2260 RPM and the penetration rate is
0.025 inch per revolution. NTO is soluble in
water and was, therefore, machined dry. Both
saumples produced no reaction during tosting
and were approved for rumote-control
machining operations,
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NTO PERFORMANCE

NTO Cylinder Tests

Two-inch diameter NTO chargen were
pressed at 1,855, 1,825, and 1.800 g/cm The
diameters were machined to fit into 2-inch dia-
meter copper cylinders for cylinder-expansion
tests. Two of the three charges were fired
succesafully indicating NTO has e performance
greater than TATB,

Confined NTO Plate-Dent/Detonation
Velocities

Several plate-dent tests were made with
explosives of kncewn performance to try and
calibrate a confined plate-dent test, The explo-
slves were confined in schedule 80 steel pipe
with an inner diameter machined to accept
1-58/8-inch pressed charges. NTO was also
tested in the same manner to determine if
confinement would improve its performance in
smaller diameters. The preliminary measured
velocities are shown in Table 1 along with
calculated values. Additional tests wera done
with NTO pressed to 97% TMD (1,871 g/em®) in
both confined and unconfined modes for
comparison. The detonation velocities are
obtained from piezoelectric pins in contact with
the HE surface and are for screening only.
Those results indicate that there is a diameter
effect present in NTO fired in 1-5/8-inch
diameter at high densities.

NTO Failure Diameter and Diameter
Effect

gerimonts were performed by Ray
Engelke® to determine dlameter effects and
failure diameter of large-crystal-size NTO
(Blend 87-10). The ﬂrst NTO charges were
pressed to 1.868 g/om? (96.8% TMD) and
machined down to 36 mm diameter. A 36 mm
diameter rate stick was fired and propagated
at 8,17610.001 km/s. A second rate stick was
fired that included three different diameters;
32.5, 28.9, and 25.35 mm. A third rate stick
was set up with 25.1, 18.1, and 16.7 mm
diameter NTO charges arranged {rom large to
small diameter following the booster. This
failed in the 25.4 mm diameter section.

Table 1. Performance Comparisons

Calculated Measured
fi re
Density (unconfined) Det. Vel.
(gem®) Pres, | Vel (kmv/s)
(kbar) | (km/s)
1.98 340 8.67
(100% TMD)
1.871 - 8.22
(87% TMD) confined
1,871 8.12
(97% TMD) unconfined
1.856 306 8.34 8.20
(96.1% TMD) confined
1.825 294 8.21 8.09
(94.6% TMD) confined
1.800 283 8.11 8.02
(93,3% TMD) confined

Rate sticks are normally initiated using
an RP-1 detonator with a 1/2 inch diameter by
1/2 iach high PBX 9407 booster pellet. 'This
booster pellet then initiates « PBX 9404 charge
that is at least as large in diameter as the
largest diameter test charge. A fourth NTO
rate atick was assembled with an NTO charge
25.76 mm diameter, using a booater consisting
of a P22 plane-wave lens followed by a
0.25 inch thick by 2 inch diameter PBX 9404
charge. This rate stick propagated its entire
length with a steady velocity. Detonation velo-
city results are shown in Table 2. These results
indicate the fallure diameter of large-crystal-
size NTO at this density is near one inch.

NTO/Binder Formulations

NTO/inder formulations in 95/5 weight
percent concentrations wore tested in B.g slurry
batch sizes to determine compatibility before
further scale-up. FPC-461, Viton-A, Kel-F
800, Estane, and Kraton G were evaluated for
possible binders. None of the NTO/binder
combinations showed evidence of incompati-
bility. All of the binders produced a formula-
tion that was loss impact sensitive than the
pure NTO. Ethyl acetate was chosen over
MEK as a snlvent because it produced a
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better attraction between the lacquer and the
explosive. Because NTO is soluble in hot
water, a saturated NTO solution at 55°C was
used as the carrier instead of pure water. NTO
was mixed with the lacquer to provide intimate
contact and wetting of the NTO crystals before
the water was added. Based upon high binder
density und the higher bulk densities obtainoed
in the initial 5-g scale work, four binders were
chosen for scale-up to 50-g batches, Kraton G
did not produce an ucceptable formulation, As
wag found in the 5-g scale batches, FPC-461

produced the best agglomerates with a bulk .

density of 0.7 - 0.75 glem3. Based upon small-
scale results, FPC 461 was used to make a 1-kg
bateh of X-0483* by the water-slurry method.

Table2. NTO Blend 87-10 Detonation Velocily

“‘(‘:;":;'f‘” Det. Vel. (knys) ?&2;:3{
36.00 | 8.176 £ 0.001 | 1,868
3251 | 81680 £ 0,001 | 1.870
2891 | 8.160 £ 0,004 | 1,869
25.35 | 8.144 £ 0.001 | 1,867
25.40 Failed 1.868
2576 | 8.142 £ 0,005 | 1.870

NTO/I'NT CASTINGS

X-0489** wus cast in one 4-inch diumeter
by 8-inch high cylinder and in eight 1-5/8-inch
diameter by 4-inch high cylinders. All the
charges were radiographed und showed mini-
mal shrinkage and bubbles. Vacuum was not
applied to the melt but the castings were cooled
from the bottom to the top. A casting sample
was taken for thermal-stability and impuct.
sensitivily testing and u release has been issued
for this butch, The 4-inch diameter by 8-inch
high cylinder was uscd for a high-speed
machining test. After the material passed the
machining test, the casting risers were removed
from the 1-5/8-inch charges, which woere then
fired in a combination plate dent/rute stick to

* X.0483 - 95/56 wt% N'T'O/I'PC-461
*+ X-04889 - 50/60 wt% N'TO/TN'T

determine the performance of the X-0489. The
results are shown in Table 3, along with a
calculated performance for comparison.

Table 3. Performance of X-0489 Castings

Stick Density |Pressure| Det, Vel,
Number | (g/emd) | (kbar) (km/s)
1 1.733 240 no data

2 1.717 241 7.226 £
0.011

3 1.720 242 7.225 t
0.008
Calculated | 1.720 246 7.56

NTO RECRYSTALLIZATION

Introduction

Normally NTO is recrysiallized from hot
water after initial production to remove
entrapped nitric acid, A mean particle size of
250 microns, shown in Figure 3, is obtained by
the normal recrystallization method of cooling
the entire vessel and contents from 90 to 5°C
over & 30-minute period. A smaller particle
gize was desired for PBX formulations work
and to determine the effect of smaller particles
on performance, sensitivity, and failure diam-
oler, Preliminary results indicate that impact
sensitivity and performance do change with
particle/erystul-size distribution.

Figure 3. NTO Recrystallized Slowly From
Water

1004




NTO Recrystallization From Water

Work was done to reduce NTO particle
gize by crash precipitating a saturated
NTO/water solution at 93°C into ice water. The
melting ice maintained the recrystallization
temperature between 0 and §°C. Particle size
in this batch (LBC-1lI-7B) averaged about
40 microns, SEM photographs in Figure 4
show that the NTO clumps are made up of § to
25 micron crystals, Theso clumps are smaller
and more randomly arranged than previous
precipitations done at b to 20°C,

NTO Batch Recrystallization From NMP

Particle/erystal size were reduced further
by dissolving NTO into N-methyl pyrrolidone
(NMP) in a 65 g/100 g concentration at 90°C,
This solution was poured into ice water with
agitation und with ice being added to maintain
tho temperature below 5°C. Bateh LBC-111.8C,
shown in Figure 5, was made using this
procedure, This SEM photograph shows 50 to
100 micron “clumps” that contain many 2 to
10 micron crystals, but the crystals are ran-
domly pucked and look like they contaln a
large amount of voids,

NT'O dissolved in NMP and crashed into
ice water can produce spherical crystal growth
thut is similar to sphericul NQ produced at Los
Alamos. 'The crystal size produced with a 3:1
ratio of 11yO:NMP, shown in Figure 8, is very
small (i.e,, 1-6 microns) and is in spheres rung-
ing from 10 to 30 microns in diameter. Indivi-
Jual crystal size can be controlled by changing
the ratio of ice water to NMP:NTO golution,
Agglomerates containing a random arrange-
ment of small erystals can be obtained by adding
additional NMP:NTO solution to the combined
solutions after erystal formation has begun,

Smull-crystal-size (i.e., 1-10 micron)
spherical NTO produced by batch recrystal
lizetion from NMP was pressed into 1/2 inch
diameter pellets for plate dent comparison with
previously produced NTO. Plate-dent results
for Batch-111-222, shown in Figure 7, were
263 kbar at 1.764 glem3 (91.4% TMD) and
257 kbar at 1,827 glem?® (94.7% 'I'MD). Drop-
weight-impact sensitivity is about 200 e¢m for

Figure 5. NTO Recrystallized From NMP,
Rondom Growth

Figure 6. NTO Crystallized From NMP,
Spherical Growth
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this smull-crystal-gsize material. These results
are not significantly different from other small-
crystal-size NTO, which indicates that
sphericul crystal habiv does not seem to be as
important us individual crystal size in
reducing lailure diameter,

Plate-dent results, shown in Figure 7,
indicate the performance of Batch LLBC-111-6C
(designated 6C) is close to the BKW prediction
while the other small-particle-size batches
(designuted 7u and 222) perform better than
the large-particle-size NTO at the same
density. Provious unconfined plate dents using
large-particle-size NTO in 1/2- and 1-inch dia-
meter failed to propagate at densities greater
than 1.7¢ g/cm Also 1/2-inch diameter plute
dents using NTO Blend 87-10 failed to
propagate at 1,78 g/em®, Unconfined 1-5/8 inch
diameter plato dents using large-particle-size
NTO have propagated al densities up to
1.872 g/cm but the performance, shown in Fig-
ure 7, is lower than expecied and beglns to drop
with increasing density at 1.855 glem®. These
resulls show that smaller particle sizes can
itnprove N'TO performance in small diameters
and might perform close to BKW predictions at
higher densities in larger diameters,

O—0) Cuauinted (MW) O =0 172 In. Ir. NP (222)
3403 9. @ 1-1/0 Inarpa pent.
W W /TN, e NUP (8e)
30T .. 120 bW ()
300 1
200 4

280 ¢+ e%"‘“l-u-p_o_ - 0‘

Ry

- -
-

240 4+ [ e v

DETONAT.ON PRESSURE (kbor)

PR SISy st + + . N .l

220 <+ + $ + + et + s vt
1.70 1,72 1.74 176 1,78 1,80 1.82 1.84 .88 1.88 1,90 1,92

Figure 7. Charge Density (glem®)

NTO Continuous Recrystallization From
NMP

Equipment for continuous, single-vesscl
recrystullization was tested al a rate that
would produce 800 g/h of NTO at 90 percent
yield The NTO/NMP solution is first cooled to
room temperature before mixing with Lhe
water to reduce the amount of heal exchange
required. NTO/NMP remains a stable solution
for several hours at room temperature in the
concentration uscd. The coolant temperature

was increased from -12 to -5°C and a distilled
water flush was installed to reduce heat
exchanger plugging.

A new recrystallization vessel is being
made to allow flow putterns approaching plug-
flow und to provide capacity for increased flow
rates. The new vesse! is jacketed to provide
cooling to replace the double-pipe heat
exchanger that is currently causing plugging
problems,

NTO/RDX/BINDER
FORMULATIONS

PRXs using mixtures of NTO and RDX
are being prepared in an attempt to reduce the
failure diameter of NTO formulations. The
failure diameter as a function of RDX content
will be investigated. PBXs containing both
NTO and RDX were successfully made with
good agglomerate size and strength. Impact
sensitivity and thermal analysis data for these
PBXs indicale there is no incompatibility
between NTO, RDX, and these binders.
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DISCUSSION

1. B. MISHRA
Kanan Associates, Inc.
Churchville, MD

I am worried at how easily you get
spherical NTO, and its significantly reduced
impact data and yet contradictory other daia.
You also show voids (more) in spherical NTO.
Is it possible you have solvent sticking to it?
Have you analyzed this?

REPLY BY L. CHAPMAN

The spherical NTO has been analyzed for
residual solvent by NMR and there is no signif-
icant amount evident,

DISCUSSION

F.VOLK
Franhoffer Institute
Pfirztal, FRG

Can you say something about the melting
and decomposition behavior of NTO?

REPLY BY L. CHAPMAN

N1'0 shows ne endotherm or exotherm in
our standard DTA until decomposition takes
pluce at about 260°C.

DISCUSSION

H.SHUBERT
Franhoffer Institute
Pfinztal, FRG

Do you find other liquid in the cubie
NTO?

REPLY BY L.. CHAPMAN

Recrystallization from water removes the
residual nitric acid that is trapped in the cubic
crystals during the nitration reaction,

DISCUSSION

C.D. HUTCHINSON
Atomic Weaﬁmns Establishment
Reading, U

Have you any information on the hazard
properties of NTO or its formulations?

REPLY BY L. CHAPMAN

The sbove paper contains all the
information the author has on the hazard
properties of NTO and its formulations.

DISCUSSION

L. ROTHSTEIN, Consultant
Newport News, VA

Nitration in an inert solvent may solve
the problem of impurity formation, is easier to
control nitration temperature, and if chosen
well, will precipitate a pure material by
precipitation that should not require
recrystallization.
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USE OF OXYNITROTRIAZOLE TO PREPARE AN INSENSITIVE HIGH
EXPLOSIVE

A. Becuwe and A. Delclos
‘ . 8,N.P.E.
Centre de Recherches du Bouchet
1710 VERT-LE-PETIT
FRANCE

High explosives involved are:

percent of HMX,

A comparison belween experimental data concerning performances and
sensitivity on different high explosives is presented.

® an indusirial French PBX named ORA 86 filled with 86

® a pilot-plant-ecaled French PBX named B 2214 filled with a
mixture of 12 percent of HMX and 72 percent of NTO,

In some cases comparison includes comp, B (hexol 60/40). The ducrease
of the senasitivity obtained with the NTO bdsed PBX indicates that B
2214 is an Insensitive High Explosive belonging to the 1.6 class and
has a very good behavior versus sympathetic detonation,

INTRODUCTION

For several years, SNPE has heen
working to prepare high explosives compo-
sitions with a low aensitivity level intended for
low vulnurability ammunitions (LOVA)., In
the past, SNPE has shown the interest of using
either Triamino Trinitro Benzene (TATB) or
Oxynitrotriazole (ONTA or NTO) as
insensitive molecules to decrease the
sensitivity of HMX based PBX.!'33 The
purpose of our present ‘work is to actually prove
that a cast-cured PBX coutaining a high
content of NTO can be an Insensitive High
Explogive (IHE) belonging to the 1.6 class, and
having a very good bahavior versus sympa-
thetic detonation. A set of sensitivity tests is
used to compare an industrial cast-cured PBX
"ORA 86,” filled only with HMX, and a pilot-
plant-scaled cast-cured PBX "B 2214,” filled
with @ mixture of HMX and NTO. For some
tests, the compearison includes data concerning
& melt cast explosive "hexol 60/40,” to have a
more precise idea of the improvement on a
well-known melt cast explosive. Detonation

1008

velocity of the NTO based PBX in confined and
unconfined has also been measured.

COMPOSITIONS

ORA 86 is an industrial composition used
in a French missile warhead. B 2214 is a
composition prepared at pilot-plant-scale by 50
kg-batches. Composition of hoth PBX are
shown in Table 1.

Table 1. Composition of PBX

Name
% Mass ORA 88 B2214
% inert binder 14 18
% HMX 86 12
% NTO 0 12
Density 1.7 1.84

Both compositions have been formulated
with a classical process to prepare cast-cured
PBX. Paste viscosity of B 2214 was optimized
by using available classes of NTO particle size




manufactured by SNPE. Samples for aval-
uation are obtained directly by casting and
curing, or by machining after curing.

DETONATION VELOCITY

For ORA 86, the detonution velocity is
given versus charge diameter ir: an unconfined

configuration, For B 2214, the detonation

velocity was measured versus charge diameter
either in an unconfined or confined (10 mm of
steel) configuration. All samiplos were ignited
by a plane wave generetor. The results are
shown in Table 2.

Table 2. Detonation Velocity

Charge | ORAB8 B2314
Dismeter | Unaonfined | ypeonfined | Confind
(mmj (m/s) () (m)

18 8260

20 8260 : :
30 8310 - 8D
40 - - 7100
50 4380 ND 7380
63 ~ ND 1320
70 : 8710 :
18 : : 7540
80 : 7410 1440
90 : 7440 ~

ND: No Detonation
SD: Stop Detonation

For B 2214, the detonation veloclty
progression is illustrated in Figure 1 for the
confined and unconfined tests. The failure
diameters are respectively 35 or 86 mm with or
without confinement.

FAST COOK OFF

The fast cook off test is used to ussess the
explosive hehavior of PBXs confined in a bomb,
and subjected to fuel fire type thermal
snvironments, The bomb consists of a steel
pipe [40 mm internal diameter, 4 mm
thickness, 200 mm length| enclosed with two
plugs. The calculated static rupture pressure of
this pipe is around 76 MPa. The bomb is set
horizontally 20 ¢cm above a fire pan filled with
1.6 liter of fuel. The fire temperature is about
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DETONATION VELOCITY (wm/s)

CHARGE
ol o b v . DIAMETER
20 0 40 S0 &0 70 80 Y0 100 (wm)

FIGURE 1

Figure 1. Det. Vel.' Vs, Charge Diameter B
2214: (72 percent NT'O - 12 percent HMX)

800°C, For both compositions, ORA 86 and B
2214, there is ne detonation, but only a pneu-
matic burst of the cqnﬂnement after Z'minutes.

BULLET IMPACT TEST

This test is performed on & small-scale
warhead with a 126 mm diameter, 80 mm
longth-sample confined by 20 mm steel
(rupture prassure 140 MPa). 12.7 AP bullets
are shot by a gun with increusing velocities
from 740 to 1140 m/s,

The results obtained tor the highest
valocity {1140 m/s) are as follows:

- Hexol 80/40: detonation

- ORAR8: no detonation - Burning and
openiny of the confinement
- B2214: no detonation - Burning

without opening of the con-
finement

An illustration of the fina) state of the
confinement is given by Figure 2,

LARGE-SCALE GAP TEST

The gap tes! is used to determine the
threshold of the propagation of detonation in a
solid substance. Aninrert barrier (.19 mm thick
cellulose acetate cards) is placed between an
initiating booster [hexo wax 96/6 - 40 mm
diameter] and a sample of explosive to be
tested (40 mm diameter - 200 mm length]




confined in a 4 mm thick steel pipe. A
reference booster incontact with the lower end
of the sample and a steel witness plate permit
verification, if detonation of the sample has
occured or not. The result is given in number
of cards needed to avoid the detonation of the
sample. It can algo be expressed in thickness of
barrier or in shock pressure for the ignition.
The detail of the apparatus is shown in Figure 8
below.

The results obtained with hexol 60/40,
ORA 86, and B 2214 are given in Table 3.
When taking hexol as a reference, it can be
seen that the needed pressure to ignite the
: - 5 * high explosive sample is 1.6 times higher for
Figure 2a. No Reaction. Bullet velocity 1140  ORA 86 and 4.8 times higher for B 2214,
m/s. Composition B 2214, Smooth burning
without violent pyrotechnic event. CLAMPING RING ——”'77‘

DETONATOR

acieeee INITTAYING HDOSTER
dox A0 M| oy
9%/%

CARDBDARD TUBE

1 2 160 mm
mau 3204
CARDBOARD TUBE

CELLULOBE ACETATE
GARD

(thickness 0,19 mm)
SUSPENS LON
ROPES SAMPLE, i.0
SUBSTANCE UNDER
TESY

. STECL YUBE
Figure 2b. Pneumatic Burst. Bullet velocity 3™ o

1140 m/s. Composition ORA 86. Burning with ‘
I 1N
CAHMHOARD N "\
T0BE b N

pneumaiic burst,
Figure3. Gap Test for Solids.

REFERENCE BOOSTER
d £ 40 mm RDX/Wax

1 = 40 mm
m= 80 g

SIEEL WITNESS PLATE
(thicknoas = 10 mm)

Table3, Qup Test Results

Cord Gap Teat
Compositiony Number of | Thickness | Pressure
Curdu (mm) (kbur)
Hexol 60/40 200 a8 30
ORA B6 160 30 50
Figure 2c. Detonation. Bullet velocity 1140 B934 .
m/s, Hexol 60/40. Detonation. 221 2 47 145
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FLYER PLATE TEST

This test is not only a sensitivity test, but
it is much more representative of the level of
energy needed to ignite a high explosive by a
pure shock wave. The shock wave is gener-
ated by impacting a sample of the high
explosive (60 mm length - 63 mm diameter)
confined by 10 mm steel with a metallic plate,
The pressure and the duration of the
shockwave can be calibrated by varying the
impact velocity and the thickness of the
impacting plate. The crude result of the test is
deto-nation or no detonation, After performing
the test around ten times, a curve of sensitivity
can be drawn in the pressure-time plane.
Results obtained for ORA 88 and B 2214 are
shown in Figure 4.

To compare high explosives in this kind of
test, it is convenient Lo look only at the
pressuro and the surface erergy for a shock
duration of 1.5 ps. These values are given in
Table 4 for Hexol 80/40, ORA 86, and B 2214,
If Hexol 60/40 is taken as a reference, it can be
seen that the ignition pressure is 1.7 times
higher for ORA 88 and 6.5 times higher for B
2214, The ignition energy is 2.6 times higher
for ORA 86 and 21 times higher for B 2214,

SENSITIVITY TOHEAVY
FRAGMENT IMPACT

This test, usually performed in France, is
a good way to simulate the irnpact of & sea-to-
sea missile fragment, The impact test is car-
ried out using a stecl ball (39.56 mm diameter
- 252 g woight) shot by a gun, The velocity can
be increased up to 2300 m/s. The high
oxploaive sample is a cylinder (123 mm
diameter - 240 mm length] confined by a 10 mm
thick shell. For each velocity the result is
detonation or no detonation, and the final
result of the test is expressed as the maximum
impact velocity avoiding detonation of the
explosive sample. This result can also be
expressed in terms of initlal shock pressure.
The results obtained with Hexol 60/40, ORA
86, and B 2214 are summarized in Table 5. It
should be noticed that lfor the maximum
velocity which can be reached in this test, it
was not possible to make the B 2214 detonate.
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Figured. Flyer Plate Test
Table 4. Flyer Plate Test Results

Ignition Threshold at 1,6 ps
Composition | ppaggure Enerq‘y
(kbar) (J/em®)
Hexol 60/40 23 150
ORA 86 40 400
B 2214 150 3200

Table 5. Heavy Fragment Impact - Maximum
Velocity Without Detonation

Heavy Fragment
Composition Velocity Pressure
(m/s) (kbar)
Hexol 80/40 1350 25
ORA 88 1910 é0
B 2214 >2270 >80

When taking Hexol 60/40 as a reference,
the maximum pressure avoiding detonation ig
multiplied by 2.4 for ORA 88 and more than
4.4 for B 2214,

SENSITIVITY TO A SHAPED-
CHARGE SHOT

Both PBX involved in this work (i.e.,
ORA 86 and B 2214) have been subjected to




the impact of a 90 mm caliber shaped-charge
jot. This shaped-charge was fllled with a 91 per-
cent PETN containing PBX, The sample of
high explosive tested are 80 mm diameter -
820 mm height cylinders. The “stand-off” was
one caliber, The following results were

" obtained:
~ ORA 86: Detonation
. B2214: Nodetonation

SENSITIVITY TO SYMPATHETIC
DETONATION

This test is performed to evaluate the
behavior of an explosive submitted to a detona-
tion (blast, fragments, and heat), The experi-
mental setting is shown in Figure 8. The
sample of high explosive to be tested is a 75 mm
diameter - 280 mm height cylinder confined by
12 mm stecl. The donor has the same size. Its
composition iz Hexol 60/40., The dislance
between donor and receptor is 25 or 500 mm,
Reactions obtained with Hexol 60/40, ORA 86,
and B 2214 are summarized in Table 8,

500 mm 75 wm

T

- S
PLATE
Lccmon

ACCEPTOR

Figure 5. Sensitivity to Sympathetic Detona-
tion- Experimental Setting

Table6. Behavior Vs, Symputhetic Detonation

Behavior at a Distance of
Composition
2,5cm 50cm
Hexol 60/40 | Detonation Detonation
ORA 86 Deflagration | Deflagration
B2214 No reaction No reaction
CONCILUSIONS

The studies performed by SNPE in the .

ficld of synthesis end recrystallization of NTO,

then its use as an ingensitive high explosive in
PBX, have permitted us to perfect at the pllot-
plant scale (80 kg batches) an inert binder
based PBX (B 2214) filled with 12 percent
HMX and 72 percent NTO.,

The characterization in terms of:
- sengitivity to fuel fire and bullet impauct,

- gensitivity to ignition by a shock wave,
- sensitivity to shaped-charge jet, and
- sensitivity to sympathetic detonation

shows that B 2214 is clearly leas sensitive than
Hexol 80/40 or ORA 86; a 868 percent HMX
PBX. The studies made by SNPE were mainly
to show it was possible by using an insensitive
filler, such as NTO, to obtain 1.6 classed PBX;
insensitive to sympathetic detonation. Of
course, performances of B 2214, in terms of

‘detonation, velocity, and pressure, are a little

weak but can be improved by increasing the
filler content, increasing the HMX ratio in the
mixture NTO-HMX, or by adding various
ingredients like aluminum or ammonium
perchlorate to obtain special effects (blast,
bubble, ete.).
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DISCUSSION

INDU B, MISHRA
Kanan Associates, Inc.
Churchville, Maryland

In your NTO formulation for insensitive
HE, you have taken NTO-HMX of 84 percent
and 16 percent binder (by weight) where as
your HMX composition had 88 percent RDX
and the rest binder, Is it not possible to
formulate, with 14 percent binder, your NTO-
based HE? What was your volumetric loading
for HMX-HE and NTO-HMX-HE (by com-
parison)?

REPLY BY A.BECUWE

When the B2214 PBX binder was
formulated, the particle sizes of available NTO

did not permit us to obtain an acceptable
feasibility with more than 84 percent filler
content, Volumetric loading for HMX-HE was
76.5 percent and for NTO-HMX-HE, 71.5
percent,

HILTMAR SCHUBERT
Fraunhofer Institut
West Germany

Which particle size do you use in your
NTO composition?

REPLY BY A.BECUWE

It i a mixture of three different particle
sizes: 4 fine one around 10y, a medium one
around 200y, and a coarse one around 700,
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EFFECTS OF BINDER CONCENTRATION ON THE PROPERTIES

OF PLASTIC-BONDED EXPLOSIVES

Rsymond D. Steele, Lawrence A, Stretz, Gene W. Taylor, and Thomas Rivera

Los Alamos National Laboratory
Los Alamos, New Mexico 87545

A series of plastic-bonded explosives (PBX) has been formulated with
more binder than is normally contained in high-energy formulations.
Adding a relatively small amount of binder to a material such as
PBX 9501 [95/2.5/1.25/1.25 wt percent HMX/Estane/BDNPA/BDNPF
(the BDNPA and BDNPF form a eutectic that is frequently called
aimply the eutectic)] was found to decrease the shock sensitivity while
not decreasing the energy of the explosive. The best compromise for a
PBX 9501-type material contains about 92 wt percent HMX. Adding
additional bindcr does not continue to decrease the gap sensitivity of
the formulation; however, the energy of the PBX decreases as expected.
The higher-binder formulations are of potential use because of the
possibility of formulating a PBX with energy similar to TATB
formulations, such as PBX 9502 (95/5 wt percent TATB/Kel-F 800),

and with a higher strain to failure.

INTRODUCTION

This study was initiated to determine the
effects of binder concentration on the proper-
ties of a PBX, The sensitivity of the Estane/
eutectic system used for PBX 8501 was not
known as a function of concentration. The
sengitivity of the system was of special interest
when the energy was matched to PBX 9502,
The behavior of PBX 8502-l1ike systems is
interesting because their unique mechanical
properties, such as high strain to failure, might
be designed into a useful formulation usable as
a substitute for PBX 9502,

Desensitizing high-energy PBXs was
another reason for undertaking this work. One
of the most important mechanisms for the
initiation of explosives is believed to be hot
spots caused by voids or other density
discontinuities. High-energy PBXs, such as
PBX 9501, typically can be pressed to
98 percent of theoretical density (TMD). This
means that the explosive composites have
about 2 ‘olume percent voids that may serve as
hot spot 10cations. It appears that removal of

the voids is the logical starting place to
desensitize a PBX.

EXPERIMENTAL

The experiments used in this study were
the large scale gap test and the plate dent test
described by Gibbs and Popolato.! The plate
dent test is a measure of the energy delivered
by an explosive to a calibrated steel plate. It
has been found experimentally that this
delivered energy can be closely related to the
Chapman-Jouquet (CJ) preesure of the explo-
sive being tested. A theoretical basis may be
found for this relationship in such works as
Fickett and Davie.3 For this reason it is
customary to calibrate the plate dent test to
accepted CJ pressures and to report the results
as CJ pressure. Because this pressure is a
measure of the delivered energy, we will refer
to the results of the plate dent test as the
energy of the explosive.

A low-void material was formulated to
investigate the effect of the removal of voids
from a PBX. The material to be tested was a
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formulation with HMX and the Estane/
eutectic binder used in PBX 9501 (X-0242-92-
01-04 - 92/8 wt percent HMX/binder),

Thie formulation was chesen to provide
more than ample binder to fill all the voids in
the composite. To assure elimination of all
voids, the PBX was pressed at an unusually
high pressure (30,000 psi), at a maximum
permissibie temperature (100°C), with maxi-
mum vacuum on the powder before pressing,
and with five intensifications. The resulting
PBX had a density of 99.7% TMD. The CJ
pressure and gap sensitivity were measured for
. this material; the results were CJ pressure of
366 kbar and a gap sensitivity of 47 mm, This
compares with values of 360 kbar and 55.6 mm
for PBX 9501, These data are included in
Table 1. It is possible to formulate a PBX with
less sensitivity than PBX 9501 at no loss in
energy, and perhaps even a small gain,

Table 1. Performance and Sensitivity of
High-Binder PBXs
Gap

Materinl,  Composition.  (mm) (kbar) TMD.
PBX 9501 95/2.5/2.8

HMX/Estane/

eutactic 55.6 360 98,0
X.0242-84- 94/3/3 HMX/
01.03 Eatano/outectic 85,1 363 98.1
X.0242.93- 93/3.3/.8 HMX/
01-03.5 Estune/outectic 503 364 954
X.0242.92. 92/4/4 HMX/
01.04 Estune/eutectic 47.68 368 99.7
X.0242.91- 91/4,5/4.8 HMX/
01045 Estuno/eutectic 4848 360 99.8
X.0242.80-  90/5/8 HMX/
01-06 Estans/vvtectic  48.08 385 99.6
X-0444 88/6/6 HMX/

Estano/

eutactic 4¢ 240 988
X-0438 80.6/0.8/9.5/0.5

HMX/Estane/

eutectie/

stearato 47.3 284 853
X.0430 88/6/6 HMX/

Kraton/TufMo

0Oil 48 280 996

The pressing conditions used to obtain the
void-free samples of X-0242-92-01-04 were
rather extreme. A pressing evaluation was
conducted to evaluate which of the measurey

uged in processing this PBX were responaible
for the improved performance. All the vari-
ables uged in the processing of X-0242-92-01-
04 were varied from normal to extreme in an
experimental design, and the density of the
sample at these conditions was measured, The
concentration of the binder and, to a lesser
extent, the number of pressing intensifications
were found to be the only variables that
significantly influenced the densities of the
pressed samples, The CJ pressure and the gap
sensitivity were redetermined for one sample
of X-0242-92-01-04 pressed under nominal
pressing conditions, The results reproduced
those of the formulation pressed under more
oxtreme conditions, Decreased sensitivity in a
PBX can be obtained by simply increasing the
fraction of binder in the compoeite while using
three intensifications,

To investigate in detail the behavior of
the HMX/Egtane/eutectic system, a number of
formulations were made with HMX composi-
tions varylng from 80.5 to 94 wt percent.
These materials were pressed, the detonation
pressures were determined with plate-dent
experiments, and the gap sensitivity was
measured. These data are listed in Table 1,
with the literature values for PBX 9501
included for reference.

All the HMX/Estane/eutectic materials
listed in Table 1 made satisfactory pressings
with the exception of the 80.5 wt percent
formulation. This material was extremely
“gummy” and tended to extrude around the
geals in the proas, We were not able to obtain
the desired donsity for this formulation. The
properties of this material are interesting even
though they are not directly comparable with
the other formulations.

The first observation made from the data
in Table 1 is that the gap sensitivity falls off
dramatically as the HMX in the formulation is
decreused, reaching a plateau at about 46 or
47 mm (Figure1). The second observation is
that the energy of the system remains rela-
tively constunt as the HMX in the formulation
is decreased until the mixture is approxi-
mately 92 wt percent HMX (Figure 2). This
result does not seem too surprising, if one
realizes that volds of zero energy are being
replaced with an energetic binder. Looking at
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the results presented in Figures 1 and 2, one
concludes that an improved vorsion of
PBX 9501 can be obtained by decreasing the
HMX content to 92 wt percent. The gap sensi-
tivity will be decreased while the energy will
remain constant.

Additional insight into the bohavior of
the HMX/Estane/eutectic system can be
obtained by examining the data in Table 1.
The percent TMD is seen Lo be a function of the
binder loading in the system, with the percent
TMD decreasing rapidly as the HMX fraction
is increased (Figure 3). There does, however,
appear to be a reasonable amount of scatter in
the system, which indicates that variables
other than binder louding are probably
important when trying to reach very high
porcent TMDs, The importance of reaching
very high percent TMDs is seon in Figure 4,
where the gap sensitivity is plotted ag &
function of percent TMD, It is appurunt that a
PBX should be at the maximum possible
percent TMD, To obtain the best sensitivity
ina HMX/Estane/eutectic formulation, it will
be necossary to determine what controls the
relatively small differences in pressing
densities.

When Figures 1 through 4 are examined,
it appears that PBX 9601 may be anomalous.
The PBX 8501 data were taken from the
literature and may not be consistent with the
other data in Table 1. Additional experiments
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are planned to verify the behavior of
PBX 9501.

The behavior of binder systems other
than the Estane/eutectic is also of interest. A
PBX with 88 wt percent HMX, 8 wt percent
Kraton, and 6 wt percent Tufflo Oil was for-
mulated (X-0430) for this reason. Its gap
sensitivity and CJ pressure were determined
and are reported in Table 1, Interestingly, the
gap sensitivity is the same as for the high-
binder Estane/autectic formulations, Buged on
very limited evidence, the gap sensitivity of a
high-binder formulation does not appear
extremely dependent on the binder material,

One of the purposes for this study was to
investigate the properties of HMX-based PBXs
with energies similar to PBX 95023, Two of
the formulations discussed above, X-0430 and
X-0438, were designed to have the energy of
PBX 9502, The energy of these two formu-
lations was indeed very near to that of
PBX 9502. The X-0430 performed very much
as expected; the HMX coated well and no major
problems were encountered in pressing, The
X-0438, howover, was another problem
because the Estane/eutectic s a very soft,
rubbery material that flows much too easily
and aticks to the metal parts in the press.
Excessive amounts of this binder make the
samples very hard to press and creates
problems in uniformity of material, and
produces & pressing that is not dimensionally
stable, Additional experiments are planned to
investigute the properties of Estane/cutectic
binder formulations with decreased amounts of
the cutectic. This will provide a stiffer
material and perhups overcome some of the
problems of X-0438, The amount of HMX will
need to be increased in these experiments to
maintain the desired energy level.

CONCLUSIONS

In conclusion, a series of PBXs has been
formulated with more binder than is normally
used in high-energy explosives. It was deter-
mined that adding a relatively small amount of
binder to a material such as PBX 9501 will
improve the gap sensitivity without degrading
the energy of the explosive. It appears that the
best compromise for a PBX 9501-type material

is about 92 wt percent HMX, Adding addi-
tional binder does not continue to improve the
gap sensitivity of the formulation. However,
the energy of the PBX decreases as expected.
The high-binder formulations are of potential
use because of the possibility of formulating a
PBX with energy similar to PBX 85028, but
with a much higher strain to failure and other
desirable advantages.
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DISCUSSION

I. B. MISHRA
Kanan Associates, Inc,
Churchville, MD

1. 1tis perhaps risky to say that binders had
“no” effect toward sensitivity at the 8 percent
level. In our work we find binder playing a
significant role in PBX in contributing to or
altering sensitivity,. We have even found
energetic binders reducing sensitivity,

2. Itisinteresting that you find a 92 percent
formulation a somewhat "ideal” one. Not
knowing your results we have been
formulating 91-92 percent solids loaded HE
and insensitive HE,

REPLY BY R. D. STEELE

1.  Wedo not claim that the different binders
do not have an effect on sensitivity, In fect, we
know that different binders have extreme
effects on different types of sensitivities. Two
important formulations, PBX 8404 and
PBX 9501, differ principally in their binders.
When the two materials are subjected to a drop
skid test, they have a drop height of 4 and
26 feet, respoctively. We did, however, observe
that two different binders did not seem to have
an effect on a gap test. We cannot make any
genera!l conclusions on these limited data.
However, at least for our limited sample, it
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appears that shock initiation is not affected by
the nature of the binder. Since in shock imi-
tation we have probably exceeded any of the
limiting mechanical properties of the binder,
this observation may have wider applicability
than the limited data might suggest.

2. We would like to add a note of caution
that this optimization was for one binder with
one particle size distribution of HMX. Should
one change the binder, the particle size
distribution, or the explosive, then 8 percent
binder would probably no longer represent an
optimal formulation.

DISCUSSION

H.GRYTING
Gryting Enerq‘ etics Sciences Company
San Antonio, TX

Ie the eutectic just the usual combination
of energetic plasticizers? Does either of these
also form a simple binary or a ternary eutectic
with HMX?

REPLY BY R.D. STEELE

The eutectic is a 50-50 percent mixture
by weight of bis(2,2-dinitropropyl)-acetal
(BDNPA) with bis(2,2-dinitropropyl)formal
(BDNPF). This is our normal plasticizer used
to soften Estane for use in PBX 6501, The
BDNPA/BDNPF mixture provides an ener-
getic contribution to the formulation, As the
terminology eutectic suggests, the mixture
forms a minimum freezing point eutectic at
50-50 porcent by weight. This property is
important because it prevents the plasticizer
from freezing and stiffing the binder.
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CHEMISTRY OF NITROMETHANE AT VERY HIGH PRESSURE

Stephen F. Agnew and Basil |. Swanson
Los Alamos National Laboratory
Isotope and Nuclear Chemistry Division
Group INC-4, Mall Stop C346
L.os Alamos, New Mexico 87845

and

John Kenney and Inga Kenney
Department of Physical Sciences
KEastern New Mexico University
Portales, New Mexlco 88130

Decomposition of nitromethane is reported over the range of 115-180°C
and 0.8-8.5QPa. About 5 ug of nitromethane is compressed with a
diamond-anvil cell, heated to the point that reaction occurs, and held
typically 10-20 minutes at the reaction temperature. The cell is cooled
and the volatile contents of the cell are frozen as a thin layer in vacuo
and an infrared absorption specirum is recorded. The three volatile
products observed ure NgO, COg, and water, with N3O production
peaking at 1.5 GPa, 135°C, and 35 percent of NME; COg production
peaking at 3.5 GPa, 136°C, and 65 percent of NME, and water ylelds at
2050 percent of NME at the highest pressure measurad, 8.5 GPa and
175°C, Water yields were difficult to quantify due lo background con-
tamination. Resulls indicate three different reactions for solid NME
dependent primarily on the pressure of the reaction, and that fluid
NME dves not decompose at 0.6 GPa and 175°C, although the solid
decomposes readily at 1,1 GPa and 120°C. The authors conclude that,
while various decomposition mechanisms are possible, the initial step
CH3NQg = CHy + ‘NOy s very unlikely.

INTRODUCTION

The tendency for energetic materials,
both high explosives and propellants, to
undergo inadvertent detonatlon is a serious
and not well understood problem, Detonations
ciun be thought of as self-driven shock waves
and are initiated by a variety of stimuli or
insults, The initial chemistry that drives the
deflagration (or fust burning) to detonation
transition is of primary Importance to under-
standing the initiation event, and a good
amount of activity is occurring with regards to
trying to understand the reactions that ure
important for this chemistry.

In order to obtain a better understanding
of the kinds of chemistry that might be
important for initiation events, we are study-
ing reactions of simple energetic materials,
e.g., nitromnethane, under conditions of con-
finoment at very high pressure. We have
chosen these conditions for two reasons: 1) The
reactions that are expected to be important in
deflagration to detonetion transitions are,
under low pressure conditions, solld to gus
reactions. 'These reactions drive the energelic
decomposition that leads to detonation and are
reactions that produce small, stable, and hot
molecules. Since these reactions are both fast
and not diffusion limited, they will probably
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involve many concerted steps. Performing
measurements at high pressure allows us to
choose the phase of the products, which, since
we can choose the pressure, can be either fluid
or solid. This allows a control over diffusion
and mixing thai is impossible by any other
method. 2) We expect the initiation reactions
to be extremely pressure dependent. The very
notion of a detonation wave is one that
involves pressure- and temperature-induced
chemical events that lead to further pressure
and temperature increase until finally a
dissipative process limits the energy release
rate and a stes y state is reached.

The concept of an activation energy for a
given reaction and the role of temperature in
surmounting it is well understood and the
traditional Arrhenius activation is normally
assumed to be valid even at very high density.
Pressure-induced reactivity, on the other hanrd,
does not involve overcoming the activation
barrier in a dynamical sense. 1t is more subtle
and involves actually changing the activation
energy, now more properly considered the
activation enthalpy. It is then reasonable to
expect that we must, from the very start,
consider the activation enthalpy instead of
only the activation energy, K,. The activation
enthalpy will be a natural function of pressure
as AH? == AEt + PAV$, and pressure-induced
reactivity should really, by all rights, be called
"pressure-catalyzed” reactivity. This empha-
sizes the very different role that pressure has
compared to temperature and the critical
parameter in describing the pressure depen-
dence of the reaction rate or branching ratios
then becomes the activation volume, AV,

An initial reaction or transition state
with a substuntial volume decrease (-AV or
-AV#), inercases the reaction rate and the
presumption is that with energetic materials,
<he initial reactions do possess -AV3. Other-
wise, increasing pressure would not increase
the reaction rate, und may actually decrease it.
While the initial reaction must involve -AV,
the overall reaction must, on the other hand,
have a + AV in order to sustain the detonation,
Thus, we expect to find (and must look for)
reactions that have these two important
characteristics.

Studying the reacktions of energetic
materials at high density allows us to probe
chemistry that is slow or even nonexistent at
low pressure. In particular, concerted inter-
molecular reactions should become very
important at high density, whereas at low
pressure one often sees volatilization of the
material prior to any actual chemistry. With
the aid of pressure, then, we can hold
molecules in their lattice to much higher
temperature than would otherwise be possible.
Another important factor in condensed phase
reactions is that of the solvent cage and its
effect on reaction rates. Cage effects are
extremely important in solution reactions and
they certainly will be even more important at
high density. Furthermore, reactions of
energetic materials ultimately will have more
in common with solid state chemistry than
with solution chemistry. Thus, for energetic
materials the solid-state chemical notion of
reactive cages and also concerted intermolec-
ular reactions will be very important.

We are trying to understand the very
complicated roactions at high density for an
energetic material undergoing deflagration or
detonation. We must find ways of understand-
ing these reactions, despite their complicated
natures, in order to predict and possibly control
such properties as sensitivity, performance,
and burn rate. The obvious limitations of
performing experiments on such materials
while they are reacting and the small amount
of information that is obtained from those
experiments means that we will always have
to resort to some kind of approximation in
order W understand the chemistry associated
with initiation. With this work, we hope Lo
establish at the very least, some general
principles for the kind of chemistry that is
associated with detonation initiation.

EXPERIMENT

We have used diamond-anvil cells of the
Merrill-Bausett design' 1o compress nitro-
methane and have used the position of the C-N
stretch infrared absorption, calibruted versus
the ruby Nuorescence standard, us 4 measure
of pressure. Opticai microscopy was used to
observe the onset of reaction while the cell was
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heated with an external heater, For many of
the samples, infrared absorption microscopy
was used to determine the extent of reaction
and also to determine the reaction products
that accumulated within the cell. The release
apparatus, shown in Figure 1, allowed the
release and freezing of the contents of the
diamond-anvil cell onto a CsBr window
mounted on an Air Products closed cycle
selium refrigerator (a displex) and held at
20°K. Following deposition, the cryotip was
rotated 90° within its shroud and an absorption
spectrum was recorded at 2 em! resolution and
256 scans. Such a procedure allowed the deter-
mination of absorption peaks on thes order of
0.005 A, although this apparatus had a large
water background due to outgassing. Water
also did not evaporate readily from the cell
when the cell pressure was released and, as a
consequence, only very qualitative data was
obtained on the amount of water that evolved
from the experiment.

A Digilab FTS-40 spectrometer was used
for the thin layer experiments with a Bio-Rud
infrared microscope installed in an auxiliary
sample compartment to record the spectrum of
nitromethane and/or products while under
compression within the diamond-anvil cell.

RESULTS

At pressures less than 0.8 GPa, the
nitromethane melted about 80°C and showed
very little reaction up to 175°C for over two
hours. However, at 1.1 GPa, the NME did not

Air Products Closad Cycle
Helium Cryotip

Diamond-Anvii Cell
Reluasa cell assembly

Digtiab FTS 40

Fast Founer Transtorm
Spectrometur

Figure 1. Diagram of the Release Apparatus

melt on increasing temperature, but began to
react at 120°C as evidenced by the nucleation
and growth of bubbles. Infrared spectra in
Figure 2 show the spectra of the nitromethane
within the diamond-anvil cell before reaction,
after four hours, and afler six hours at the
temperature and pressure indicated. As the
sample reacted, the infrared signal became
progressively weaker, but new features are
evident: 1) a broad saturated absorption at
3200-3400 cm!; 2) a broad saturated band for
the -NO3 g‘roup symmetric and antisymmetric
stretches in place of the two features that were
evident before reaction; and 3) two absorption
bands at 2220 and 2250 em™! that are partially
obscured by the diamond second-order absorp-
tion, Little spectral information is available
for the reacting sample, implying that the
products are absorbing completely at the
nucleation sites. Eventually, as the reaction
proceeds to completion, the infrared signal
completely disappears.

When we release the contents of the
diamond-anvil cell following reaction, freeze
the volatiles in a thin layer, and measure the
infrared absorption of that thin layer (Fig-
ure 3), we find that N2O, CO2, and water are
the dominant volatile products. Their relative
amounts depend on the particular temperature
and pressure at which the reaction was per-
formed as shown in Figure 4. One can see that
these volatile products are substantial frac-
tions of the starting material. We know that
water is present in significant amounts among

Nitremathsne at 3.0 QPs and 100°C

Figure 2. Nitromethane Before and During
Reaction Within Diamond-Anvil Cell
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the products, but have beon unable to quantify
it very well. (Evidently, water escapes from
tho cell upon release in variable amounts,
since our results with releasing pure water
from a diamond cell under identical conditions
were subject to a large error.) Whenever NME
melts before the temperature reaches ~120°C,
no appreciable reaction occurs up to 175°C. We
conclude, then that fluid nitromethane does
not react appreciably over a period of 30 min-
utes at the pressure and temperature noted on
the diagram. A P-T reaction diagram is shown
in Figure5 and shows that between 1.0 and
2.5 GPa (reaction regime A), nitromethane is
solid at 120°C, while the N3O and CO3 pro-
ducts are fluid, and nucleation and growth
centers can be readily observed in the solid
nitromethane involving these fluid products,
Thus, the reaction is assisted by topochemical
control of the crystal lattice (i.e., the relative
orientations of the NME molecules in the
solid). There is time for subsequent dissolution
of some NME into these reaction product
bubbles, but we feel that any reaction that
takes place subsequently in the solution may
follow a different pathway, since fluild NME
ituelf shows no reaction at this temperature
and slightly lower prescure,

Between 2.5 and 5.0 GPa (reaction
rogime B), COg becomes the dominant produect,
consuming nearly 85 mole percent of the NME

300
hauid
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. Bow Reacion (o) ~
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Figure 5. Pressure-Temperaiure Reaction
Diogram for NME Decomposition Showing the
Temperature for the Onset of Reaction at
Various Pressures
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at 3.8 GPa, and then decreasing with increas-
ing pressure. In both regimes B and C, we
expect that NoO and COg3 will be solid, and we
do not observe the bubble growth that was so
pronounced at lower pressure. The tempera-
ture at which the reaction begins is increasing
with increasing pressure, indicating that very
high pressure suppresses all NME chemistry.
At pressures > 5.0 GPa (reuction regime C),
both NgO and CQg become much less pro-
nounced and water is the primary volatile
product, and we have qualitatively determined
that with pressure in excess of 20 GPa, NME is
stable to 300°C. The sclid residue that remains
following chemistry at all of these pressures
and temperatures qualitatively reflects the
trends noted with the volatile products. In
reaction regimes A and B with the highest
yields of CO3 and NgO, there is very little
residue, and that which remains has an oily
nature, On the other hand, at the highest
pressure that we have moasured reaction
regime C, u solid residue fills our gasket
completely and there is much less COg and no
N20.

DISCUSSION

There have been many different kinds of
studies of NME decomposition 1ncluding
studies under conditions o aphot.olysis 3 pyro-
lysis,4 and high pressure.5®7 We believe that
the decomposition chemistry in compressed
nitromethane found for reaction regime A is
different from any that has been previously
reported for this molecule. This chemistry,
therefore, does not involve radical production,
CH3-NO2 = :CH3y + ‘NOg3, which is typical
of most of nitromethane's pyrolytic and photo-
chemical reactions. Although we have not yet
determined our limits of detectivity for meth-
ane, cthane, or NOy, we do not observe any of
these products and their absence would mean
that the radical reaction is not the dominant
ducomposition pathway.

'The three basic reaction regimes that we
observe can be categorized as the nitrogen
coupling regime (A), carbon oxidation regime
(B), and dehydration regime (C). We suggest
that the nitrogen coupling reaction necessury
for NgO production (regime A) involves either
an N-nitroso or an N-nitrato intermediate, but

we have no information yet to confirm that.
The relatively small amount of residue would
then be a polymer, possibly similar to poly-
viny!l aleohol (PVA). Regime B involves
oxidation of the carbon and presumably, simul-
taneous reduction of the nitrogen to amine.
Direct attack of the oxygen on the carbon and
then hydrogen transfer to the nitrogen site is a
plausible route to produce hydroxyamine
formate, a likely precurscr to COg evolution, It
is notable that even under conditions that
produce the largost amounts of COg, neither
formaldehyde (as a volatile) nor paraformalde-
hyde (detected in the residue) are observed
among the products,

Finally, in regime C a notable amount of
orange colored solid remains after the reaction,
with wator as the only volatile detected. This
dehydration product could be related to the
methazonate polymer that is known to result
following further reaction of the aci jon, On
the other hand, there are reports®®® that this
gsolid is largely either ammonium formate or
ammonium oxalate, with the orange color then
due to small amounts of other minor produets.

These results are consistent with the
hypothesis that, for nitromethane initiation,
reactions that produce small, stable molecules
are going to be important. These reactions will
release the large amount of compressive
energy that is necessary to drive subsequent
chemistry. Therefore, we consider both reac-
tions A and B to be important in the initiation
process. Reaction C, however, largely results
in solid products and should consume com-
pressive energy due to its -AV, thereby
quenching any initiation chemistry that might
oceur,

These reactions occur in the solid state
and are therefore quite complicated, but one
must study these types of neat phase reactions
if a better understanding of the chemistry of
initiation is Lo follow. We feel that even a
crude understanding of many of the reactions
is preferable to no understanding of the neat,
condensed phuase reactions at all. [t is obvious
that extreme caution must be used, for exam-
ple, if one wishes Lo relate these condensed
phase reactions o gas phase pyrolytic chemis-
try or photochemistry. The implication is that
concerted reactions will more often than not
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dominate over the bond-breaking reactions
that dominate at low density in the gas phase.

Both HMX(cyclo tetramethylene tetrani-
tramine) and RDX(cyclo trimethylene trini-
tramine), which are very important military
high explosives, produce N30 in their thermal
doeom‘mltlon at low pressure.® It has been
shown!? that RDX, under isolated molecule
pyrolysis, undergoes a concerted ring breaking
step to first produce methylene nitramine,
subsequently decomposing to formaldehyde
and NqO as 1/3RDX - CHg = N-NOg = N30
+ CHgO. Ammonium nitrate, the primary
component of industrial high explollvel, also
produces N3O upon decomposition.’! This
latter N3O production has been explained as
due to the initial dehydration to produce
nitramine as (NH)(NOg) = HaN-NOg + H30,
followed by further dehydration of nitramine
with an HNO dimer intermediate as HagN-NO;
-+ (HNO)q = N3O + H30. Key in both of
these schemes is the nitramine intermediate,
and we suggest that nitromethane decom-
position most likely involves a dimerization or
reaction between the nitrogens of adjacent
nitromethanes. This could be due to unimolec-
ular rearrangement of NME to hydroxyl-
amine formate, HCOO-NHg, with subsequent
attack on another nitromethane to produce
HgCOOCHj3; + NH32-NOg, simnultaneous isom-
erizations of adjacent NMEs to methyl nitrite
with a coupling reaction to produce CHgOCHjy
and N30, or unimolecular formation of an
(HaCO)HNO) intermediate for adjacent NMEs
with reaction of two HNOs to form N3O and
water a8 shown above. All of these mech-
anisms must in turn be controlled by the solid
stato phase that we know is important for the
reaction to proceed.

Another possible initial reaction is the
isomerization to the nitrite form, CH3-NOg —
CHj3-0-NO, with subsequent reaction to pro-
duce the observed products. This reaction
would presumably result in NgO and COgq
production through an intermolecular coupling
reaction, although one expects significant
amounts of methancl| or perhnpn formaldehyde
to result. A recent report!? on supercritical
nitromethane pyrolysis also suggests this
reaction is a first step under those conditions.
However, we have independently found that

formaldohyde polymerises readily under these
conditions to form paraformsldehyde, which is
directly characterizable in the infrared. Since
we find no evidence for either formaldehyde,
formalyn, or paraformaldehyde among the
reaction products of nitromethane, the sug-
gestion is that there is another pathway to
both NgO and CO;z. Also, there is no reason to
expect the isomerization to be inhibited in the
fluid phase, at slightly lower pressure. The
fact that we do not observe significant NME
decomposition in the fluid then implies that
the nitrite isomerization is not the initial
reaction leading to decomposition.

Much previous work has been per-
formed!? on the role of the aci-lon of nitro-
methane in the sensitization of nitromethane
to shock initiation. We therefore consider the
activation of nitromethane by means of either
water or hydroxide ion to be a logical first
reaction step. Since it is well established that
the aci-ion dimerizes readily under ambient
conditions to form the methasonate lon, it is
hard to believe that the aci-ion itself would
lead to the chemistry that we observe, since
subsequent reaction of the methazonate pro-
duces an ill-defined colored polymer. That is,
the aci-ion form evidently activates the carbon
center for further reaction. In order to produce
N30, we must have a nitrogen activation,

The exact nature of this nitrogen coupling
reaction will have to wait for further experi-
ments, We are currently working to improve
our apparatus by increasing the heating rate
and decreasing the contamination level of
water, Such an improved apparatus should
allow us to improve our measurements
significantly.

CONCLUSION

Very different decomposition reactions
occur for solid nitromethane at high pressure
as compared with ambient or low pressure
conditions. These reactions are evidently
concerted intermolecular reactions, and three
very different reaction regimes occur as a
function of pressure and temperature. We
suggest that the first two reacticn regimes,
those that produce N3O and COg, are most
closely related to the chemistry of initiation.
Moreover, we expect that, in general, reactions
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in energetic materials that very quickly
produce small, stable molecules (l.e., +AV
overall), but are nevertheless associated with
-AV$ (a decrease in volume for the activated
complex), will be most important for deter-
mining the initiation of the material.
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DISCUSSION

CHARLES DICKINSON, NSWC/WO
Silver Spring, MD

Is there a reasonable chemical pathway to
obtain the ammonium formate reported as a
product from nitromethane?

REPLY BY STEPHEN F. AGNEW

1 have a mechaniam for formation of
formyl amine, which is an isomer of nitro-
methane, as opposed to ammonium formate,
(The analyses that have been performed on
the product would not differentiate between
ammonium formate and formyl amine.) First,
there is a dimerization involving insertion of
oxygen into the C-H bond, with concomitant
migration of the hydrogen to the other oxygen
of the NOg.

H OH
"l c-—-N'.go\ H-aC——N/
ﬂ,‘ / \\\ —_ / \
\\ 6“h N_c".l” H 0\ 0
b \‘H /N-—C‘,
H HJ

1 show it here us a concerted pathway, but
it could very well be multi-step. Next, the
carbon must be further oxidized, and I suggest
that one possible mechanism is one in which
the carbon is again oxidized, while the
nitrogen is reduced to an amine.

HO H
\ /
OH HO H C